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Abstract
Silicon anode is a promising candidate for lithium ion batteries (LIBs). Unfortunately,
its commercial application is hindered by the low conductivity and poor structural
stability due to the large volume expansion after lithium insertion. Porous structured
silicon/carbon (Si/C) composites are promising anode materials for LIBs because of
the high conductivity from the carbon matrix and the introduced inside void space
which can absorb the big volume expansion of silicon nanoparticles (Si NPs) during
charging/discharging processes, leading to improved rate performance and cycling
stability.
Three different porous structured Si/C anode materials in which silicon nanoparticles
uniformly embedded inside the porous carbon matrix were prepared in this doctoral
thesis. Acetylene, polyacrylonitrile (PAN) and oleic acid were employed as three
different carbon resources to produce the carbon matrix. In addition, we used two
different templating methods to prepare the sacrificial coating layers on the outer
surface of silicon nanoparticles (Si NPs) and create the final porous structure after
acid washing processes.
For the first work, we first reported a green and facile synthesis of granadilla-like
outer carbon coatings encapsulated silicon/carbon microspheres which were
composed of the interconnected carbon framework supported (carbon@void@silicon)
CVS nanobeads. The silicon granadillas were prepared via a modified templating
method in which calcium carbonate (CaCO3) was selected as the sacrificial layer, and
acetylene as carbon precursor. Therefore, the void space inside and among these
CVS nanobeads can be formed by removing CaCO3 with the diluted hydrochloric
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acid. As prepared, silicon granadillas having 30 % silicon content delivered a
reversible capacity around 1100 mAh g-1 at the current density of 250 mA g-1 after
200 cycles. Besides, this composite exhibited excellent rate performance of about
830 and 700 mAh g-1 at the current densities of 1000 and 2000 mA g-1, respectively.
For the second work, we employed oleic acid as the carbon resource because it can
produce porous ultrathin carbon layers after a high temperature carbonization process.
Along with the combination with hematite which is also a promising anode material
for LIBs but has the same disadvantages with silicon, therefore, we develop a novel
porous structured carbon-silicon-hematite anode via a single-step technique to
improve their performance. In the resulted architecture, silicon nanoparticles
sandwiched between the iron oxide embedded porous carbon sheets. The flexible and
conductive carbon sheets improve the conductivity and accommodate the volume
change of the embedded silicon and hematite nanoparticles and thus maintain the
structural and electrical integrity. Meanwhile, the void space between carbon layers
leaves enough room for the expansion and contraction of silicon during the lithiation
and delithiation process. High capacity (∼1980 mAh g-1 at 750 mAh g-1) and long
cycle life (250 cycles) have been achieved for this sandwich-like carbon-siliconhematite electrode.
Based on the first two works, it can be found that silicon is a promising anode for
LIBs. Nevertheless, realizing reversible sodium insertion in crystal silicon is still
extremely challenging. Therefore, in order to better understand the electrochemical
performance of silicon anode in sodium ion batteries (SIBs), we reported the
successful application of nanocrystalline silicon for the anode in SIBs in the third
work. An irreversible structural conversion from crystalline silicon to amorphous
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silicon takes place during the initial cycles, leading to ultra-fast reversible sodium
insertion in the newly generated amorphous silicon. Furthermore, in order to
overcome the poor conductivity and inferior cyclability of silicon due to the large
volume expansion and structural pulverization during sodiation, an optimized yolkshell-structure of Si/C nanobeads has been developed. The Si/C nanobeads are
uniformly distributed inside flexible interconnected carbon nanofibers. The resultant,
flexible binder-free Si/C electrode showed a high specific capacity of 455 mAh g–1 at
0.1 C after 200 cycles, ultra-fast sodium storage of 270 mAh g–1 at a current density
of 5,000 mA g–1 (10 C), and long cyclbility with capacity retention rate of 75% at 10
C after 2000 cycles.
In summary, different carbon resources along with different templating methods
were employed to prepare porous Si/C anode materials. It can be found that porous
Si/C anode materials performed well with improved cycling stability and rate
behavior in different energy storage systems. Furthermore, the nanocrystalline silicon
is also promising as anode in SIBs and is limited its practical application by the same
disadvantages in LIBs. Therefore, we believe that porous structured Si/C composites
are very promising anode materials in LIBs and SIBs.
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Chapter 1
1. Introduction
1.1. Research Background
Global concerns over depleting fossil fuels require us to move away from fossil
energy towards the area of renewable energy. As a result, the electrical energystorage systems become a research focus in energy conversion obtained from
renewable resources, such as solar and wind power, to energy grid to store the
intermittent renewable energy.[1-12] Rechargeable batteries and supercapacitor are
some typical ones among such energy-storage systems, and are playing vital roles in
portable electronics. Nowadays, the existing rechargeable energy-storage systems
include sodium-ion batteries (SIBs), lithium-ion batteries (LIBs), and supercapacitors.
Owing to some intrinsic disadvantages of the employed electrodes, the practical
utilization of these systems is still hindered by the high safety risk, sophisticated
production process and high cost.[13-21] Therefore, seeking for new electrode
materials with scalable production, low cost, high energy density, and high safety has
attracted tremendous attention.
Nowadays, the commercial anodes for LIBs are still the graphite microspheres
(GMs) and mesophase carbon microbeads (MCMBs) with a high graphitization
degree. However, these GMs and MCMBs have relatively low rate performance and
capacity (only 372 mAh g-1), which are not available for future LIBs or SIBs with
high energy density and large power output.[22-25]
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Si-based composite is a promising candidate for replacing the commercial
graphite anodes because of its appealing characteristics such as unparalleled
theoretical capacity (∼4200 mAh g-1), relatively low discharge potential (∼0.5V
versus Li/Li+), abundance and environmental benignity. However, its practical
utilization is still hindered by its low electronic conductivity and high capacity fading
rate caused by the drastic volume change (>300%) occurred during the charge–
discharge cycles. In addition, volume expansion/contraction of Si structures can
promote unstable growth of the solid-electrolyte-interphase (SEI) films, resulting in
high ionic resistance and poor cycling performance. [26-27]
In recent years, great efforts have been made to improve the electrochemical
performance of Si-based anode by using various Si-containing nanostructures. These
nanostructures include Si nanowires, porous Si nanowires, Si nanotubes, Si
nanoparticles, porous structures Si, and Si coated by conductive agents (carbon,
graphene, Ag, conducting polymer or their composites).[28-37] Among them, porous
Si/C composites are quite promising for practical applications, because the formed
porous carbon network not only alleviate the volume change during the charge–
discharge processes, but also provides stable electronic and ionic transfer channels to
shorten the diffusion length of Li+ ions. Thus, many porous Si/C materials have been
developed, including Si/C core-shell composites, porous Si/C microspheres, SiC/graphene composites, Si/polymer/carbon composites, and carbon-coated Si
embedded with carbon nanofibers and carbon nanotube networks.

1.2. Objectives of the Research
In this PhD. work, three different porous structures were developed to
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synthesize the Si/C-based composites. Specifically, Si nanoparticles (Si NPs) were
first coated with sacrificial layers and dispersed inside the carbon precursors, leading
to a special sandwich-like structure (carbon precursor−sacrificial layer−Si, CSS).
The CSS was then transferred into the furnace for carbonization under high
temperature under inert gas atmosphere to transfer carbon source to hard carbon.
After the final washing treatment, the sacrificial layers inside CSS will be removed,
resulting in the porous structured Si/C composites. This finally leads to the formation
of uniformly dispersed Si NPs inside the porous carbon matrix.
A variety of carbon matrix from different carbon precursors, such as phenolic
resin, glucose, sucrose, polyethylene, poly(vinylpyrrolidinone) and pitch, in Si/C
composites have been successfully synthesized through various approaches. It is
worth noting that the structure and morphology of the carbon matrixes derived from
these carbon resources are difficult to control. Herein, I decided to select suitable
carbon resources and templating methods to create porous carbon matrixes through
facile and scalable methods as the main objects of this research.
Acetylene, which is a common inflammable gas, is also available to be used as
the carbon resource via the carbonization process under high temperature in the
furnace. Compared with other carbon precursors, acetylene has various advantages.
Firstly, thin but uniform layered carbon coating shells can be generated. Secondly,
due to the good permeation of acetylene, a homogeneous carbon coating layer could
be fabricated not only on the outer surface of the whole big particles but also the
inside every single small ones. Therefore, by integrating an available templating
method, it is promising to use acetylene as the original carbon resource via a
carbonization process to prepare porous Si/C composite. Using hydrofluoric acid (HF)
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to remove silica (SiO2) sacrificial coating layers is the most common templating way
to prepare porous Si/C samples in the traditional templating methods. It is obvious
that employing HF solution as an etching agent to remove SiO2 is not environmental
friendly and expensive. Calcium carbonate (CaCO3) is a promising choice, because it
is easier to prepare and remove. Therefore, it is possible to create a new way to
prepare porous Si/C materials by integrating acetylene carbon precursor and CaCO3
sacrificial coating layers through a high temperature carbonization process.
Furthermore, as we all know, one dimensional structured carbon nanofiber is
also a very promising candidate when used as the carbon matrix. Therefore, apart
from acetylene, polyacrylonitrile (PAN) is also a good choice for our research
because it can produce the carbon nanofibers via an electrospinning process at an N,
N-dimethylformamide (DMF) solution. As a result, porous carbon nanofibers were
employed as the ―holder‖ of Si NPs. In addition, we transferred our research
attention from LIBs to SIBs to check the electrochemical performance of this novel
Si/C composite in SIBs.

1.3. Thesis Structure
For the purpose of developing porous structured Si/C electrodes, three different kinds
of carbon resources along with three different templating methods are employed in
this work. Moreover, in order to study the electrochemical performance of porous
Si/C anode in SIBs, detailed structural characterizations and electrochemical
measurements are also performed. The scope of this thesis work is briefly outlined as
follows:
Chapter 1 introduces the background of silicon-based anode materials in
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energy storage applications and expounds the importance and significance of this
work.
Chapter 2 presents a literature review on recent progress in Si-containing
precursors for Si-based anode materials of LIBs.
Chapter 3 presents the detailed preparation methods, as well as the structural
and electrochemical characterization techniques for silicon-based anode materials.
Chapter 4 introduces a green and facile way to prepare granadilla-like siliconbased anode materials for LIBs.
Chapter 5 presents one-step synthesis of silicon/hematite@carbon hybrid
nanosheets/silicon sandwich-like composite as anode material for LIBs.
Chapter 6 investigates the in-operando mechanism analysis on nanocrystalline
silicon anode material for reversible and ultra-fast sodium storage.
Chapter 7 summarizes the work in this thesis and provides some prospects for
the synthesis of other materials and for applications in other areas.
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Chapter 2
2. Literature Review
2.1. Introduction of Si-containing precursors for Si-based
anode materials of Li-ion batteries
With more engines up and running, sustainable development for the entire human
race faces big challenges. The burning of fuels results in global warming and air
pollution by giving off all kinds of exhaust gases. Therefore, producing energy from
renewable and sustainable resources is preferable. Rechargeable batteries are in
demand for consumer electronics, electric vehicles, and grid-scale stationary energy
storage because the technology is feasible, environmentally friendly, and
sustainable.[1-6] Among the different kinds of rechargeable batteries, lithium-ion
batteries (LIBs) are the most popular ones, due to their high energy density, lack of
any memory effect, and only a slow loss of capacity when not in use. [7,8] The
traditional commercial anode materials for LIBs, such as graphite microspheres
(GMs) and mesophase carbon microbeads (MCMBs), however, have relatively low
capacity (theoretically 372 mA h g-1, corresponding to a fully lithiated state of LiC6),
so that they are not suitable for future LIBs with high energy density and large power
output.[9-11]
To further increase the energy density of LIBs for the above-mentioned
applications, alloy-type anodes such as Si, Ge, and Sn have been extensively
explored because of their high capacity.[12-21] Among them, Si is a promising
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candidate to replace the traditional graphite anode for high-capacity LIBs, since it
has 10 times (～4200 mA h g-1) higher specific capacity through forming the alloy
Li22Si5.[22-27] Compared with other alloy-type and metal oxide anodes, the
discharging potential of silicon (～0.2 V against Li/Li+) is lower, leading to a higher
energy density for full cells. Furthermore, its appealing characteristics, such as
abundance and environmental benignity, make silicon to be the most attractive anode
material for LIBs.[28]
Despite all of these advantages, the full utilization of Si-based LIBs to date has
been hindered by a series of obstacles, including poor cycle life and rate performance
resulted from low ionic/electronic conductivity and large volume change during the
lithium insertion and extraction processes.[29-31] When Si is fully lithiated, the
equilibrium Li-Si alloy with the highest Li concentration is the Li22Si5 phase, which
causes dramatic structural changes (about 400% volume expansion).[22] The
volumetric and structural changes may lead to pulverization of the initial particles,
which means that the silicon can no longer hold Li+ ions effectively, and the bulk
silicon experiences a rapid decay in specific capacity.[24] Moreover, when the silicon
expands and contracts, the solid-electrolyte interphase (SEI) film on the outer surface
of the electrode will also break up in a cyclical manner, resulting in the continual
formation of new SEI film.[18]
In the past decade, tremendous attention has been paid to improving the
electrochemical performance of Si-based anodes by designing and fabricating new
and different silicon structures, particularly in the nanosized range.[32] Compared
with the microsized Si-based materials, the nanomaterials are endowed with several
advantages: (1) the high surface-to-volume ratio of nanomaterials can better
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withstand stress and limit the cracking caused by the volume expansion during
cycling, thus maintaining high specific capacity with improved cycling stability; and
(2) the nanosized particles can provide stable electronic and ionic transfer channels
to shorten the diffusion length of Li+ species, giving increased rate capability and
reduced polarization. Apart from the nanostructured silicon, porous Si-based
compounds are also promising for practical applications, because the newly created
void space can accommodate the volume changes during the charge–discharge
processes, enhancing the structural and cycling stability.
For the Si-based anode materials, many reviews have been published in recent
years due to the great potential of commercial application. Particularly the nanosized
silicon anodes for LIBs have been summarized by many research groups.[24,32-37] For
example, the progress of nanosized Si and carbon/Si composites was earlier reviewed
by Liu et al. in 2010.[24] In 2014, Su[33] and Ma[36] et al. further highlighted the
development of nanosized Si-based anode materials. Pribat et al.[35] summarized the
application of Si nanowires in energy storage, including the preparation methods of
Si nanowires. Ge et al.[38] focused on Si porous materials as well as the synthesis
routes, and reviewed their electrochemical performances as anodes for LIBs.
Although there are many review articles on the Si anodes for LIBs within the past 5
years, no one has concentrated on the precursors used for fabrication of the Si anode
materials, which have been proven greatly important for the desirable performances.
Herein, in this review, we aim to provide comprehensive summary and comment on
different Si-containing precursors for preparation of nanosized Si-based anode
materials, which is a necessary addition to the previous reviews.
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2.2. Si-containing precursors for nanosized or porous Si
anode materials
2.2.1. Bulk sized silicon
As the second most abundant element in the earth, silicon has great potential to
be employed as a LIB anode at a very low cost. The bulk-sized Si materials, such as
Si wafers and microsized Si particles, are frequently used as starting materials to
synthesize porous or nanosized silicon via a top-down approach. The routes for the
synthesis of Si nanoparticles (SiNPs) from bulk silicon are rather mature and
commercially available, which means that SiNPs are compatible with the traditional
manufacturing process for commercial LIB electrodes
2.2.1.1. Silicon wafer
Facile methods such as electroless etching [39-50] and electrochemical etching [51-57]
are able to convert bulk silicon wafer into a porous structure with tunable pore size
and porosity, which is called ‗integral‘ porosity. For example, with an appropriately
doped Si wafer, porous Si and Si nanowires can be synthesized in the presence of
silver nitrate (AgNO3) in hydrofluoric acid (HF) etchant solution.[58,59] Typically,
there are two reactions taking place:
4Ag+ + 4e– → 4Ag

(1)

Si + 6F– → [SiF6]2– + 4e–

(2)

During this reaction, nanosized silicon with a porous or wire-like structure can be
synthesized by localized catalytic etching of the Si wafer in HF solution.[60,61] The
galvanic displacement reaction between Ag+ ions and Si can create Ag clusters and
SiOx simultaneously. SiOx is at the bottom of the Ag clusters and can be easily
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dissolved by HF, leading to the production of nanocups right under the Ag clusters.
The formation and subsequent dissolution of SiOx can proceed continuously, due to
further deposition of Ag, thus further ―digging‖ the holes in the Si substrate
underneath the Ag particles,[61] resulting to an array of Si nanowires. For example,
large-area, oriented Si nanowire arrays formed on the Si wafer at near room
temperature by localized chemical etching were reported by Zhu‘s group (Figure 1a
and 1b).[62] This strategy is based on Ag-induced excessive local oxidation and
dissolution of a Si substrate in HF solution. It was found that the distribution of Ag
clusters on the Si wafer surface to be patterned by Ag particles has a great effect on
the size and density of the thus-prepared silicon nanowires. High-density metal
particles can facilitate the formation of Si nanowires, and a larger space among the
Ag clusters can lead to better-separated nanoholes in the Si wafer. In addition, porous
silicon with a large pore size and high porosity was prepared by Zhou[63] via this
electroless etching method using Si wafer as Si precursor (Figure 1c). In their work,
porous Si nanowires were produced by direct etching of boron-doped Si wafers and
exhibited superior electrochemical performance and long cycle life as anode material
in LIB with alginate as binder. As reported, the capacity stably remained up to higher
than 2000, 1600, and 1100 mAh g–1 at current densities of 2, 4, and 18 A g–1,
respectively, even after 250 cycles. The good cyclability mainly stems from the use
of a porous structure, while the commercial alginate binder can also help to achieve
the superior performance to a certain degree as compared to the commonly-used
polyvinylidene fluoride (PVDF).[63]
Silicon wafer is also a precursor for fabrication of porous silicon via an
electrochemical etching method which was first accidentally discovered by Uhlir at
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Bell Laboratories in the 1950s.[64,65] The porous Si electrode can be produced via
electrochemical etching on a silicon wafer using a HF etching solution and a constant
current density.[66] The porosity and depth of the porous silicon can be adjusted by
the current density and HF concentration.[65] Based on this technique, Sibani Lisa
Biswal[67] presented a layered architecture consisting of a gold-coated porous silicon
film attached to a bulk silicon substrate (Figure 2.1.d). It was found that a specific
capacity of more than 3000 mAh g–1 can be achieved for 50 cycles at 100 μA cm–2,
and 2500 mAh g–1 can be achieved for 75 cycles with coulombic efficiency of 95%.

Figure 2.1. (a) Scanning electron microscope (SEM) cross-sectional image of the assynthesized silicon wires arrays shown in (b).[62] Copyright 2006, Wiley-VCH
Verlag GmbH and Co. KGaA, Weinheim. (c) high resolution transmission electron
microscope (HRTEM) image of a single nanowire,[63] Copyright 2012, American
Chemical Society; and (d) top-view SEM image of a representative porous silicon
sample.[67] Copyright 2012, Elsevier.
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2.2.1.2. Silicon microparticles
Apart from the silicon wafer, microsized Si particles can also be employed as the
silicon precursor to prepare porous silicon via an electroless etching process.
Compared with silicon wafer, microsized silicon is much cheaper and easilyaccessed, which makes it more available for scalable production. Nevertheless, it is a
great challenge to produce structure-regulated Si nanowires from Si microparticles
because of their irregular morphology and crystallization characteristics. Therefore,
in recent researches, microsized Si powders have always been employed as the Si
precursor to prepare porous silicon through various modified electroless etching
methods. For example, Su‘s group employed commercial metallurgical-grade Si
particles as the primary Si source through a modified ferrite (Fe)-assisted chemical
etching method to prepare porous Si particles (Figure 2.2a and 2.2b).[68] In this
reaction, porous Si particles were produced through a reaction between Fe and Si in
the surrounding glycol. Taking advantages of the porous structure, the anodes made
from these silicon bulks exhibit high reversible capacity and long cycle life. In
addition, Su‘s group also used commercial Si microparticles as the Si source to react
with CH3Cl gas over a Cu-based catalyst to create large amounts of macropores
within the unreacted silicon (Figure 2.2c and 2.2d).[49] Thanks to the interconnected
porous structure, this porous Si-based anode material exhibited excellent
electrochemical performance. The discharge capacity of this Si-based porous
material was around 1000 mAh g–1 after 100 cycles, and the average capacity fading
rate of this anode was around 0.35%/cycle. Meanwhile, it also showed very good rate
performance, with the discharge capacity of 185.1 mAh g–1 and the charge capacity
of 181.9 mAh g–1 at a current density of 1000 mA g–1.
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Figure 2.2. (a) SEM and (b) transmission electron microscope (TEM) images of
porous silicon microparticles produced via an Fe-assisted chemical etching
method.[68] Copyright 2015, Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim.
(c and d) SEM images of porous silicon microparticles produced via a Cu-assisted
chemical etching method, Copyright 2014, Wiley-VCH Verlag GmbH and Co.
KGaA, Weinheim.

2.2.2. Silica
Silica nanoparticles occupy a prominent position in scientific research because of
their easy preparation and their wide uses in various industrial applications. Silica
has been demonstrated as a high capacity anode material without further reduction to
silicon, with a reversible capacity of 800 mAh g–1 over 200 cycles.[69] Silica can be
converted into silicon through a facile magnesiothermic reduction, which makes it
more attractive due to the high specific capacity of silicon. Silicon will be formed
through the following reaction:
2Mg + SiO2 → 2MgO + Si

(3)
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The magnesiothermic reduction method has three advantages. Firstly, the original
structure of the silica can be well maintained even after the reduction process.
Secondly, a highly interconnected porous structure is created due to the etching of
the MgO inclusions inside the sample during the magnesiothermic reduction.[70]
Thirdly, the low processing temperature and short reaction time make this method
more attractive than alternative methods.[71]
2.2.2.1. Natural Plants
As we all know, various kinds of plants in nature are silica-enriched, because
plants can absorb silica in the form of silicic acid (Si(OH)4 or Si(OH)3O-) from the
soil.[72] As a result, silica derivation from natural resources, especially from rice
husks, is much more sustainable and lower cost than alternative methods, and also is
attracting considerable research attention.[73-76] Recently, many researchers employed
natural sources as the silica precursors, and then converted such kinds of naturederived silica to silicon for energy storage applications. Cui‘s group prepared pure
silica directly from rice husks and converted these silica particles to SiNPs with a
conversion yield as high as 5% by mass (Figure 2.3a and 2.3b).[74] It was found that
these recovered SiNPs exhibit high performances as LIB anodes with high reversible
capacity (2,790 mAh g–1) and long cycle life (86% capacity retention over 300
cycles). Similarly to Cui‘s report, Jung et al. also employed rice husks as the
precursor via the same process to prepare Si-based anodes.[76] Si-based anodes with
an ideal porous structure and much improved electrochemical performances were
successfully obtained.
Apart from the rice husks, other kinds of the plant families, such as poaceae,
equisetaceae, and cyperaceae are also promising choices.[77,78] For example, Yu et al.
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used reed leaves as the silica precursor to prepare the porous silica, and threedimensional (3D) interconnected porous silicon was then synthesized via a
magnesiothermic method (Figure 2.3c and 2.3d).[70] Nitrogen adsorption (Brunauer–
Emmett–Teller, BET) measurements indicated that the initial 3D mesoporous silica
precursor had a BET surface area of 101 m2 g–1 and a total pore volume of 0.22 cm3
g–1. More importantly, even after the magnesiothermic reduction and the final carbon
coating process, the prepared silicon anode still retained the original skeleton
morphology of the reed leaves, which means good structural and thermal stability for
this material. Owing to the excellent porous structure, an electrode capacity of about
420 mAh g–1 was still retained even after 4000 cycles at a current density of 10 C.

Figure 2.3. (a) SEM and (b) TEM images of Si nanoparticles obtained by
magnesiothermic reduction of silica derived from rice husks.[74] Copyright 2013,
Nature Publishing Group. (c) SEM image of silica precursor converted from natural
reed leaves, with the inset showing higher magnification, and (d) the finally achieved
highly porous 3D Si nanostructured anode for LIBs (inset is a high-magnification
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SEM image).[70] Copyright 2015, Wiley-VCH Verlag GmbH and Co. KGaA,
Weinheim.
2.2.2.2. Sand
Recently, there have been some reports about using beach sand as the silica
source for producing Si anodes for LIBs.[79] Compared with the silicon derived from
plants, only SiNPs were finally obtained because the bulk structure of sea sand. [70]
Favors et al. employed beach sand as the silica precursor to produce Si-based anode
materials via a magnesiothermic reduction method (Figure 2.4a and 2.4b).[80] The asprepared sample has high phase purity and good crystallinity. The authors discovered
that a 3D network of nano-silicon was synthesized, and these SiNPs after carbon
coating achieved a remarkable electrochemical performance with a capacity of 1024
mAh g–1 at 2 A g–1 after 1000 cycles (Figure 2.4c). Also, in the same year, Kim et
al., synthesized Si nanosheets from natural sand by the magnesiothermic reduction
method (Figure 2.4d and 2.4e).[79] As reported, an Mg2Si intermediate phase was
formed at an early stage of the reduction process, leading to a 2D silicon
nanostructure. The thus-prepared silicon nanosheets have a leaf-like sheet
morphology, ranging from several tens to several hundreds of nanometers in size,
and show comparable electrochemical properties to commercial SiNPs as an anode
for LIBs. In addition, in order to improve the electrochemical performance, reduced
graphene oxide (RGO) was introduced to form a composite with these silicon
nanosheets, leading to RGO-encapsulated silicon nanosheet electrodes. It was found
that the RGO-encapsulated Si-based anodes exhibited very high-reversible capacity
and excellent rate capability.
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Figure 2.4. (a and b) TEM images and (c) cycling data at selected C-rates (1 C = 4A
g—1) for silicon nanoparticles.[80] Copyright 2014, Nature Publishing Group. (d) SEM
and (e) TEM images of the as-synthesized silicon nanosheets obtained by
magnesiothermic reduction of silica derived from sand.[79] Copyright 2014, Royal
Society of Chemistry.
2.2.2.3. Tetraethyl Orthosilicate (TEOS)
Apart from the natural silica precursors, man-made silica has also attracted
significant attention, especially the silica derived from TEOS, due to its ability to
produce silica nanoparticles via the Stöber method.[81] This process works
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particularly well for particles with sizes of 30–60 nm, yielding silica spheres with
excellent monodispersity. The large-sized silica, however, especially over 30 nm, can
lead to silicon nanoparticles with the same large size, which can limit the diffusion of
the electrolyte, resulting in low capacity and coulombic efficiency. Therefore, Zhao‘s
group synthesized mesoporous-silicon-based nanocomposites with ultra-small SiNPs
uniformly embedded in a rigid mesoporous carbon framework, which was followed
by the magnesiothermic reduction approach via a modified Stöber method (Figure
2.5a and 2.5b).[82] The silica used in their work was derived from the hydrolysis of
TEOS. The authors found that the obtained mesoporous Si/C nanocomposites exhibit
excellent performance, with a high reversible capacity of 1790 mAh g–1, excellent
coulombic efficiency (99.5%) and rate capability, and outstanding cycling stability
(with the capacity remaining as high as 1480 mAh g–1 after 1000 cycles at a high
current density of 2 A g–1, Figure 2.5c).
Besides the silicon particles, some interesting structures can also be obtained in
silicon via the reduction process from specific structured silica. For example, Yang et
al. reported that a 3D mesoporous silicon material with a lotus-root-like morphology
was successfully prepared by using mesoporous silica as the silicon precursor via a
magnesiothermic reduction method (Figure 2.5d).[83] After surface carbon coating by
a chemical vapor deposition (CVD) process, the obtained carbon covered silicon
composite displayed a stable capacity of ~ 1500 mAh g–1 for 100 cycles at 1 C and
high rate capability up to 15 C.
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Figure 2.5. (a and b) TEM images and (c) the discharge capacity of mesoporoussilicon-based anode over 1000 cycles at a cycling rate of 2 A g–1 (with the current
density for the first cycle 0.4 A g–1).[82] Copyright 2014, Wiley-VCH Verlag GmbH
and Co. KGaA, Weinheim. (d) TEM image of the lotus-root-like silicon anode
obtained by magnesiothermic reduction of man-made silica.[83] Copyright 2011,
Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim.
2.2.2.4. Other silicate-containing precursors
Zeolite-based materials are also important Si source via the magnesiothermic
reduction method. Due to the excellent thermal stability, the original structure these
precursors can be well maintained even after the high temperature treatment. Ma
prepared the porous Si from the serpentine via the above mentioned method.[84]
Mesoporous Si was attained from the microporous zeolite by Dai.[85] Nanoporous
silicon with primary particle size in ～10 nm was directly synthesized from low-cost
natural clinoptilolite (NCLI) by Wei Lu‘s group.[86] After surface carbon coating, the
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obtained composite displayed a superior stable capacity of ca. 1257 mA h g−1 and
good cycling stability with 87.5% capacity retention on the 200th cycle. These
interesting works have greatly extended the selection of natural resources as
precursors for high-performance Si anode materials.
Compared with the man-made silicon, silicon derived from natural resources has
some advantages, such as its abundance and low cost. In addition, the natural silicaenriched resources are already endowed with various structures in a very favorable
nanoscale/microscale arrangement, with various morphologies ranging from sheets,
to porous materials, to particles. These characteristics mean that natural silica
precursors are more available for scalable fabrication and facile architectural design.
On the other hand, natural precursors are not as pure as the man-made silica, because
some impurities are also present inside these resources, leading to the need for extra
processes to remove the impurities, and increased cost and complexity. From this
point of view, the man-made silica precursors are highly purified and sizecontrollable, which is very important for LIBs.

2.2.3. Gaseous silicon-based sources
Up to the present, vapor-liquid-solid (VLS) growth, which was first proposed by
Wagner and Ellis in the mid-1960s, has been the key mechanism for silicon-wire
growth, based on using a silicon-bearing gas precursor in a chemical vapor
deposition (CVD) reactor.[58,87-89] The temperatures used in this VLS-CVD process
range from 300 up to well above 1000 oC, depending on the types of gas precursors
and metal catalysts that are employed.[58,61] The gaseous silicon-bearing precursors,
such as silane (SiH4), disilane (Si2H6), dichlorosilane (SiH2Cl2), and tetrachlorosilane
(SiCl4), are always employed as the silicon sources for synthesizing silicon
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nanowires, and gold (Au) is the most popular metallic catalyst for the VLS growth of
nanosized silicon.[90-94] The name ―VLS mechanism‖ refers, of course, to the fact that
silicon from the vapor passes through a liquid droplet and finally ends up as a
solid.[88] Briefly, this process involves the following stages: (1) formation of the
liquid droplets of the metal-silicon alloy on the surface of the substrate; (2) the
dissolution and diffusion of gaseous-silicon-based precursor into the silicon-Au alloy
droplets; and (3) silicon precipitation and axial crystal growth due to supersaturation
and nucleation at the liquid/solid interface.[95]
2.2.3.1. SiH4
SiH4 is a very common and also very important silicon precursor in nanosized silicon
preparation. During the VLS reaction, the silane decomposes, releasing silicon atoms
which alloy with the metal, inducing eutectic formation, followed by silicon
precipitation and nanowire growth from the silicon saturated nanoparticles.[61] For
example, Chen‘s group[29] used SiH4 as the silicon precursor along with a template
method to synthesize hollow silicon using the CVD process (Figure 2.6a and 2.6b).
They found that a silicon shell could be created on the outer surface of the templates
and showed a uniform thickness distribution. Meanwhile, the morphology of the
hollow silicon is tunable by changing the structure of the templates, from hollow
cubes, hollow spheres, and tubes, to flower-like hollow silicon. In particular, the
flower-like silicon anode delivered a capacity of 814 mAh g−1 at a current density of
4.8 A g−1, and retained 651 mAh g−1 after 700 cycles. Magasinski et al.[96] prepared a
Si-based anode material by coating carbon black with silicon via the CVD process,
using SiH4 as the silicon source. A silicon inverse opal structure could be prepared
by filling a SiO2 opal with silicon through CVD, using Si2H6 as the gas precursor,
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followed by treatment in HF solution.[97] The thus-prepared amorphous silicon
demonstrated promising cycling characteristics.
2.2.3.2. Si2H6
Another attractive precursor is Si2H6, which is more reactive than SiH4. As a result,
compared with SiH4, the growth of silicon nanowires can be obtained at much lower
pressures, which is very important for low-cost preparation. Thin-film amorphous
silicon anodes were fabricated by low pressure chemical vapor deposition (LPCVD)
using Si2H6 as a source gas by Jung and coworkers.[98] The prepared sample
exhibited the very high reversible capacity of 4000 mAh g–1, which is about 95% of
the theoretical capacity of silicon. Unfortunately, the capacity fade was rapid after
only 40 cycles. On the other hand, by reducing the current density to 400 mAh g–1 in
each cycle, the cyclability could be enhanced to 1500 cycles.
2.2.3.3. SiHxCly
Compared with SiH4 and Si2H6, replacing the hydrogen atoms by chlorine, as in
SiH2Cl2 and SiCl4, can result in some drawbacks. The first is that the use of a
chlorinated silane as the silicon precursor in the presence of hydrogen will lead to the
generation of hydrochloric acid (HCl) during the CVD processing. Some undesirable
etching of the substrate, the nanowires, and the facilities could be caused. [58] The
second one is that the chlorinated silanes are more chemically stable than the nonchlorinated ones, leading to the need for a higher temperature to synthesize the
nanosized silicon wires.[58] For example, the growth temperatures for SiCl4 typically
range from around 800–1000 oC, but only 400–600 °C for silane. The fabrication of
nanosized silicon wires derived from SiH2Cl2 and SiCl4 also has some advantages,
however, and the main one is that we can have a much broader choice of possible
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VLS catalyst materials due the higher reaction temperature. For example, Pt,[99-101]
Ni,[102] and Zn[103] are also very good choices if the VLS-CVD process is employed
under even higher temperatures. Mallet et al.[104] synthesized amorphous nanosized
silicon wires by using SiCl4 dissolved in an ionic liquid (1-butyl-1methylpyrrolidinium bis(triuoromethanesulfonyl) imide (P1,4)) through the CVD
process under a higher temperature. Yang‘s team prepared high-quality vertically
aligned silicon nanowires using SiCl4 as the silicon precursor in the VLS-CVD
process (Figure 2.6c).[105] The thus-prepared silicon nanowires were grown vertically
aligned with respect to the substrate, and the size distribution could be controlled by
manipulating the colloid deposition on the substrate.
2.2.3.4. Silicon monoxide (SiO)
Another cost-effective way to synthesize nanosized silicon wires on a large scale
is to evaporate solid SiO in a CVD reactor in a two-zone tube furnace.[88] The
temperature for this method ranges from 900 to 1350 oC. SiO is first evaporated in
the hotter zone which is placed at the end of the tube, and it then mixes with the inert
gas stream and flows to the cooler part, where the gaseous SiO undergoes a
disproportionation reaction into silicon and silica, thereby forming the final
nanowires.[88,106] By carrying out the growth process over several hours, the obtained
silicon nanowires with amorphous shells (up to several tens of nanometers in
thickness) can reach millimeter lengths with varying diameters from about 5 to 100
nm.[107-109] Unfortunately, there are no reports on silicon anodes for LIBs obtained
from SiO via this method.
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2.2.3.5. Organic silicon sources
In addition, some organic silicon-based materials such as dimethyl dichlorosilane
((CH3)2Cl2Si, DMDCS) can also be used as the silicon precursor via the CVD
technique. Su‘s group[110] prepared silicon-based anode materials from this
organosilane, which is widely used in industry, through a CVD process with
DMDCS as the gaseous silicon precursor (Figure 2.6d). It was found that the silicon
synthesized in this work had a club-like structure and was embedded on the surface
of the carbon substrate. The thus-prepared composite displayed a specific capacity of
562.0 mAh g−1 at a current density of 50 mA g−1, much higher than that of
commercial graphite anode.

Figure 2.6. SEM images of hollow silicon derived from SiH4 using two different
carbonates as templates: hollow cubes (a) and hollow spheres (b).[29] Copyright 2014,
Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim. (c) Cross-sectional SEM
image of silicon nanowires derived from SiCl4.[105] Copyright 2005, American
Chemical Society. and (d) SEM image of silicon-based rods synthesized from the
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organic silicon compound (CH3)2Cl2Si.[110] Copyright 2013, The Royal Society of
Chemistry.

2.2.4. Liquid silicon sources
Although the VLS process is a very promising method for the fabrication of
nanowires, growth by this method thus far is limited, in that it is difficult to
synthesize large quantities of nanowire materials on the substrate (only ～200–250
µg cm–2 or ～0.75 mg h–1).[89,111,112] Furthermore, the silicon nanowires must be
separated from the substrate using extra processes such as ultrasonication, which is
destructive for retaining the morphology of the silicon nanowires. Therefore, some
solution-based analogues of the VLS method have been developed using the
supercritical fluid–liquid–solid (SFLS) growth technique.[113-116] Some liquid silicon
sources have been successfully employed in this SFLS method for the preparation of
carbon-coated

silicon

nanowires,

such

as

trisilane,[115]

phenylsilane,[111]

monophenylsilane,[117] and diphenylsilane.[113]
For instance, Korgel‘s group[113] used diphenylsilane [SiH2(C6H5)2] as the silicon
precursor, which was mixed with hexane and sterically stabilized gold nanoparticles
at pressures of 200-270 bar at 500 °C within a reaction vessel. Another very
attractive approach for the production of nanowires has been reported by Heitsch‘s
team (Figure 2.7a to 2.7d).[115] They demonstrated the Au- and Bi-catalyzed growth
of silicon nanowires in solution at atmospheric pressure using trisilane, Si3H8, as the
silicon precursor. As reported by Cui‘s group,[111] composite electrodes composed of
silicon nanowires were synthesized using phenylsilane as the silicon source via the
SFLS method and mixed with amorphous carbon or carbon nanotubes before being
evaluated in LIBs (Figure 2.7e and 2.7f). It was found that the silicon-based anode
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containing multiwalled carbon nanotubes as the conducting additive featured a
reversible capacity of 1500 mAh g—1 for 30 cycles.
The main advantages of using liquid silicon sources for nanosized silicon wire
fabrication are that very thin nanowires with good crystalline quality can be obtained
in large amounts using a relatively simple equipment.[58] Compared with other
synthesis methods which employ gaseous silicon as the precursor, the yield from this
method is excellent. Nevertheless, controlled, in-place, epitaxial growth of silicon
nanowires can hardly be realized through this process.

Figure 2.7. TEM images of Si nanowires synthesized in hot octacosane under
ambient pressure by Si3H8 decomposition in the presence of either Au or Bi
nanocrystals: (A) A Si nanowire synthesized at 410 °C with Au nanocrystal seeds;
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(B) a silicon nanowire with an Au seed at the tip; (C) Si nanowires grown using Bi
nanocrystals as seeds (with energy dispersive spectroscopy (EDS) confirming that
the dark particles at the tips of the wires are composed of Bi, providing evidence that
the nanowires grow by the VLS mechanism); (D) a silicon nanowire (Bi seeded)
longer than 3 μm.[115] Copyright 2008, American Chemical Society. (E) SEM and (F)
TEM images of silicon nanowires derived from phenylsilane.[111] Copyright 2010,
American Chemical Society.

2.2.5. Elemental silicon
Instead of a silicon chemical compound, elemental silicon has also attracted
considerable attention as the silicon precursor to prepare nanosized silicon via
molecular beam epitaxy (MBE).[118-122] Silicon atoms, created by evaporating a
heated high-purity solid Si source, are deposited onto the surface of a catalyst (Au)
covered substrate, typically Si〈111〉. In this technique, elemental silicon, instead of a
Si chemical compound, serves as the precursor for the fabrication of silicon
nanowires. In MBE, there are two different Si fluxes governing wire growth. One is
the direct flux of silicon from the pure silicon source; and the second one is the flux
of diffusing Si adatoms from the silicon substrate surface.[88] The nanowires
produced in this way are endowed with some advantages: (1) the Si nanowires grown
in this way are epitaxial and oriented, following the 〈111〉 orientation; and (2) this
technique can provide good controllability in terms of the incoming flux, which
means that the doped wires can be grown by switching between evaporation
sources.[88] The diameters of the Si nanowires cannot be precisely controlled,
however,

and

only

nanowires

with

diameters

over

40

nm

could

be

obtained.[118,119,122,123] In addition, the nanowire growth velocity is very low. Based
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on the recent reports, the growth velocity is just a few nanometers per minute.

2.3. Summary
To summarize, we have reviewed the recent advances in using various silicon
precursors for the preparation of porous silicon and nanosized silicon for LIBs.
Nanosized and porous Si-based anodes have been demonstrated to be promising for
the emerging energy-related applications. Great efforts have been devoted to
investigating high energy density LIBs based on Si-based anode materials in recent
years, taking advantages of its high specific capacity, abundance, and environmental
benignity, and overcoming its large volume expansion by introduction of porous and
nanosized structures. Despite many significant achievements, various difficult
challenges still remain and need addressing to prepare high-performance silicon
anodes with well-defined architectures from suitable Si precursors.
Porous or nanosized Si materials have shown great potential as LIB anodes,
because the introduced porous and nanosized structures can accommodate stress for
reversible lithiation and delithiation, and rapid charge/discharge rates. Structureregulated silicon nanowires can be produced from silicon wafers via an
electroless/electrochemical etching process, or from gaseous silicon precursors, such
as silane, disilane, dichlorosilane, and tetrachlorosilane through a vapor-liquid-solid
method. From a view of massive production of Si-based anodes in terms of the cost
and available possibilities of scalable production, the silicon made from Si-waferderived or gaseous Si-derived precursors may be not the optimum choice to replace
the present commercial graphite due to low productivity, harsh reaction condition,
tedious process and high cost. Therefore, in order to improve productivity and reduce
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cost, employing some kinds of low-cost precursors, such as trisilane, phenylsilane,
monophenylsilane, and diphenylsilane, is very promising, because it can lead to a
large yield of Si nanowires. In addition, the synthesis conditions are relatively mild,
which can further reduce the cost and facilitate the synthesis process. Unfortunately,
a desired control of the nanowire distribution and dimensional growth regulation is
poor, especially during the massive production. Producing Si with optimized
structures from natural sources is also a popular way. For the commercial
application, however, we should consider the complex process required to purify the
silica and the silica contents varied from different natural-silica-enriched resources.
Apart from the above-mentioned common silicon precursors, some special
candidates such as elemental silicon and SiO can be also treated as silicon sources
via related technologies. However, these routes need to be further developed to allow
for the influences of other factors, such as the growth conditions or the
crystallography of the wire.
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Chapter 3
3. Experimental Procedure
3.1. Overview
The general procedure of this thesis work is illustrated in Figure 3.1. Three different
porous structured Si/C materials were first prepared through different approaches.
After that, the phases and structural features were characterized by a series of
techniques, such as X-ray diffraction (XRD), Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), BrunauerEmmett-Teller (BET) measurements, atomic force microscopy (AFM), scanning
electron microscopy (SEM), and transmission electron microscopy (TEM). Their
electrochemical performances were finally measured for use in LIBs and SIBs.
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Figure 3.1 The general procedure of this thesis work.

3.2. Chemicals and Materials
The chemicals and materials used in this work are listed in Table 3.1.
Table 3.1 Chemicals and materials used in this work.
Chemicals

Formula

Purity (%)

Supplier
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Silicon nanoparticles

Si

99

Sigma-Aldrich

Ethanol

C2H5OH

Reagent

Chem-Supply Pty.
Ltd.

+

Sigma-Aldrich

Ethylene glycol

(CH2OH)2

99

Oleic acid

C18H34O2

99

Sigma-Aldrich

Sodium carbonate

Na2CO3

99

Sigma-Aldrich

+

Sigma-Aldrich

Calcium chloride

CaCl2

99

Acetylene

C2H2

10

Sigma-Aldrich

Hydrochloric acid

HCl

37

Sigma-Aldrich

FeCl3·6H2O

98+

Sigma-Aldrich

NH4OH

28-30

Sigma-Aldrich

+

Sigma-Aldrich

Iron(III) chloride
hexahydrate
Ammonium hydroxide
Tetraethoxysilane

Si(OC2H5)4

99.9

Polyacrylonitrile

(C3H3N)n

99

Sigma-Aldrich

Hydrofluoric acid

HF

48

Sigma-Aldrich

Carbon black

C

Super P

Timcal Belgium

(CH2CF2)n

N/A

Sigma-Aldrich

99.5+

Sigma-Aldrich

Polyvinylidene difluoride
(PVDF)
N-methyl-2-pyrrolidone
(NMP)
Copper foil

Cu

N/A

Vanlead Tech

CR2032 type coin cells

N/A

N/A

China

Ethylene carbonate (EC)

99+

Sigma-Aldrich

Diethyl carbonate (DEC)

99+

Sigma-Aldrich

99

Sigma-Aldrich

Li

99.9

Sigma-Aldrich

LiPF6

99.99

Sigma-Aldrich

Na

99.9

Sigma-Aldrich

+

Sigma-Aldrich

Fluoroethylene carbonate
(FEC)
Lithium metal
Lithium
hexafluorophosphate
Sodium metal
Sodium perchlorate

NaClO4
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3.3. Materials Preparation
The preparation methods used in this work mainly include the carbonization method
for the preparation of various carbon matrixes and modified templating methods for
the preparation of sacrificial layers.

3.3.1. Carbonization Method
For the acetylene carbonization process, the obtained powders was placed in a
horizontal quartz tube in a furnace. The tube was firstly purged with purified Ar flow
(50 mL min-1) for 30 min and then heated to 600 °C at a heating rate of 10 oC min-1.
Subsequently, acetylene was introduced into the tube at the same temperature with a
flow rate of 30 mL min-1, and kept at these conditions for 30 min. Finally the system
was cooled to room temperature under Ar atmosphere and the sample collected.
As for the traditional carbonization process, such as the carbonization treatment in
the second and the third works, the materials are heated to 600 °C at the heating rate
of 5 °C min-1 under Ar atmosphere for 3 h and then cool down to room temperature
under Ar atmosphere.

Figure 3.2 Schematic diagram of the carbonization process in the furnace.
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3.3.2. Templating Method
There are two different templating methods used in this work:
1) CaCO3@Si composites were prepared by means of a co-precipitation process.
Stoichiometric amount of sodium carbonate (Na2CO3) was dissolved in 100 ml
deionized (DI) water, and then after vigorously stirred for 2 min, 30 mg silicon (∼80
nm) were added to the above solution under stirring condition. The dispersion was
further stirred for another 30 min to get a uniform suspension (a). At same time,
solution (b) was prepared by dissolving calcium chloride (CaCl2) in 100 ml DI water.
Then, suspension (a) was dropped into solution (b) with vigorous stirring for 5 min to
obtain CaCO3@Si suspension which were collected by centrifugation, and washed
three times using DI water.
2) Commercial Si NPs were first coated with a SiO2 layer (SiO2@Si) using
tetraethoxysilane. Si NPs (150 mg) were first dispersed in a mixture of ethanol (240
mL) and water (60 mL) under ultrasonication, followed by addition of concentrated
ammonium hydroxide (3.0 mL). Under vigorous stirring, 2.4 g of tetraethoxysilane
(TEOS, Aldrich) was added dropwise into the dispersion and the reaction was kept at
room temperature under stirring for 12 h. The SiO2-coated SiNPs were collected by
centrifugation, and washed for three times by water.

3.4. Characterization Techniques
3.4.1. Thermogravimetric Analysis (TGA)
TGA is an efficient analytic way to investigate the effects of rising temperature on
the chemical and physical properties of samples. It is mainly employed to check the
contents of various compositions inside materials by checking the weight loss or gain.
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In this thesis work, a TGA instrument 2000 in UOW was used to calculate the carbon
content in the different porous Si/C composites.

3.4.2. Brunauer-Emmett-Teller (BET) Measurements
The theory of BET was first reported by Stephen Brunauer, Paul Hugh Emmett, and
Edward Teller, and BET was derived from their family names. The BET method is
now an efficient analysis technique to insight the physical adsorption of gas
molecules on a solid surface. It is conducted at liquid nitrogen temperature (77 K)
under various pressures atmospheres. The mass of the original powder is normally in
the range of 50-1000 mg. Two important pieces of information can be obtained from
the BET measurements. One is the specific surface area, which can be obtained using
experimental points at a relative pressure of P/P0 = 0.05-0.25. Another one is the pore
size distribution, which is calculated by the Barrett-Joyner-Halenda (BJH) method,
using the amount of nitrogen adsorbed at a relative pressure of P/P0 = 0.99. In this
thesis work, BET techniques (Micromeritics TriStar II 3020; NOVA1000,
Quantachrome Co., FL, USA) were applied to measure the surface area and pore size
distribution of various atomically thin transition metal oxides.

3.4.3. Atomic Force Microscopy (AFM)
AFM can be satisfied to accurately employ nano- and pico-Newton ranged forces to
detect the nanoscale ranged deformation, it is an extremely helpful instrument for the
investigating the mechanical properties of nanosized materials. The working
principle of this tool is depended on the interaction between the sample and AFM tip
upon contact or near contact, in the so-called three-point bend measurement.
Therefore, AFM (MPF-3D, Asylum Research, Santa Barbara, USA) in a tapping
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mode was employed for the three point bending tests on Si/C nanofibers.

3.4.4. X-ray Powder Diffraction (XRD)
XRD is a basic and facial analytical technique primarily employed to check the
phases and crystal structures of materials. The analyzed sample needs to be finely
grounded and uniformly mixed before testing. The fundamental principle of XRD is
illustrated in Figure 3.3.

Figure 3.3 Fundamental principles of XRD.
Crystalline substances play a role as three-dimensional diffraction gratings for
X-ray wavelengths which are comparable to the spacings of planes in a crystal lattice.
The patterns of the scattered X-ray waves have a characteristic relationship with the
tested crystal materials, which can be determined by Bragg's law: 2dsinθ = nλ, where
d is the distance between lattice planes, θ is the angle of incidence with the lattice
plane, n is any integer, and λ is the X-ray wavelength of the incident beam. In this
doctoral work, the crystal structures of the atomically thin transition metal oxides
were determined by a XRD diffractometer (MMA, GBC Scientific Equipment LLC,
Hampshire, IL, USA) in UOW.

3.4.5. Raman Spectroscopy
Raman spectroscopy is a very common spectroscopic technique to investigate lowfrequency modes. The laser light which will be shifted down and up once it interacts
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with molecular vibrations, phonons, or other excitations. The energy shift provides
information on the vibrational modes in the system, and also, the vibrational
information is specific to the symmetry of molecules and chemical bonds. Therefore,
the molecules can be identified easily by Raman spectroscopy. In this work, Raman
spectra (Lab RAM HR, Horiba Jobin Yvon SAS) of the samples were captured one
by one via a mapping mode (one spectrum per 250 seconds) while cyclic
voltammetry was conducted in an in-operando Raman cell at a sweep rate of 0.4 mV
s−1.

3.4.6. X-ray Photoelectron Spectroscopy (XPS)
XPS is a surface-sensitive quantitative spectroscopic technique which shows the
elemental composition, quantity, chemical state, and binding energies and densities
of the electronic states of a material in its as-received state or after some treatments.
XPS spectra are recorded by irradiating a sample with X-rays while simultaneously
measuring the kinetic energy and number of electrons with an escape depth of less
than 10 nm ejected from analyzed sample. In this work, XPS was conducted using a
PHOIBOS 100 Analyser from SPECS, which is installed in a high-vacuum chamber
with base pressure < 10-8 mbar. X-ray excitation was provided by Al Kα radiation
with photon energy hv = 1486.6 eV at 12 kV and 120 W. The XPS binding energy
spectra were collected at the pass energy of 20 eV in the fixed analyser transmission
mode. All the XPS data was analyzed using the commercial CasaXPS 2.3.15
software package. Before analysis, the spectra were calibrated by C 1s = 284.6 eV.

3.4.7. Scanning Electron Microscopy (SEM)
The SEM is a type of electron microscope that uses a high-energy electron beam to
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scan and create images of the materials. The electrons interact with the atoms from
the sample surface, generating signals which include information about the sample‘s
surface topography and composition. The beam usually scans in a raster scan pattern,
and the beam's position is combined with the detected signal to generate an image. In
this work, the morphology of various atomically thin transition metal oxides were
detected by a field emission scanning electron microscope (JSM-7500FA, JEOL,
Tokyo, Japan) in UOW.

3.4.8. Transmission Electron Microscopy (TEM) and Scanning
Transmission Electron Microscpy (STEM)
TEM is a microscopy technique. An electron beam is transmitted through a
sufficiently thin specimen to interact with the atoms of the specimen while passing
through, resulting in the formation of an image. TEM can be employed to check the
morphology, crystal structure, and electronic structure of a specimen. Selected area
electron diffraction (SAED) is a crystallographic experimental technique that can be
used inside the TEM. As a diffraction technique, SAED can be employed to find
examine

crystal

defects

and

crystal

structures.

SAED

is

distinguished

from conventional TEMs in that the electron beam is focused on a size-limited spot
which scans over the sample in a raster pattern. The rastering of the beam across the
sample makes it available for various analysis techniques such as mapping by energy
dispersive X-ray spectroscopy (EDS), electron energy loss spectroscopy (EELS),
and annular

dark-field

imaging (ADF).

These

signals

can

be

obtained

simultaneously, allowing direct correlation of the image and quantitative data. In this
doctoral work, the TEM observations of the samples were carried out using a JEM2011F (JEOL, Tokyo, Japan) and a probe-corrected JEOL ARM200F (equipped with
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a cold field emission gun, a high resolution pole-piece, and a Centurio EDS detector)
at 200 kV in UOW.

3.5. Electrochemical Measurements
3.5.1. Electrode Preparation for LIBs/SIBs and Half-Cell Assembly
Electrodes were produced by mixing the active materials, carbon black, and
carboxymethyl cellulose in a weight ratio of 8:1:1, respectively. DI water was added
during the grinding process. The obtained slurry was then brought out and coated on
Cu foil, and dried at 80 °C for 10 h under vacuum. After cooling down to the room
temperature, the anode materials were taken out and pressed at a pressure of 2 MPa.
The mass loadings of active materials on the Cu foil were in the range of 0.2-0.4 mg
cm−2. Finally, CR2032 coin-type cells (Figure 3.4) were fabricated under Ar
atmosphere in the glove box using the active materials coated electrode as the
working electrode and porous polypropylene film as the separator. For LIBs, Li foil
was employed as the counter and reference electrode, and 1 M LiPF6 in a mixture of
ethylene carbonate (57.5 wt%) and diethyl carbonate (42.5 wt%) was selected as the
electrolyte. As for SIBs, Na foil was employed as the counter and reference electrode,
and 1 M NaClO4 in a mixture of ethylene carbonate (EC, 54.6 wt%), diethyl
carbonate (DEC, 40.4 wt%), and fluoroethylene carbonate (FEC, 5 wt%) was chosen
as the electrolyte.

51

Chapter 3: Experimental Procedure

Figure 3.4 Schematic illustration of half-cell assembly.

3.5.2. Cyclic Voltammetry (CV)
CV is a common technique to check the redox reactions in the energy storage
systems, through which the following can be determined: the intermediates
participating in the redox reaction, the stability of the reaction products, the electron
stoichiometry, the electron transfer kinetics, and the reversibility of a reaction. CV
curves usually show a hysteresis in the absolute potential between the anodic and
cathodic peaks because of the polarization that is caused by a slow diffusion rate and
the intrinsic activation barrier obstructing the electron transfer between the electrodes.
In a process of a typical CV measurement, the cell potential is scanned at a specified
rate with collecting the responded currentt. Herein, the CV data were obtained on a
Biologic VPM3 electrochemical workstation in UOW.

3.5.3. Galvanostatic Charge-Discharge
Galvanostatic charge-discharge measurements are performed in constant current
density mode to investigate the cycling performance and specific capacity of the
material in a range of certain voltages. It is also an efficient way to estimate the rate
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capability of the electrodes by using a variety of current densities. The discharge and
charge specific capacity equal to the total electron charge in the corresponding
process and can be calculated from the applied current and the total time. In this
doctoral work, galvanostatic charge-discharge measurements were carried out using
an automatic battery tester system (Land®, Wuhan, China).

3.5.4. Electrochemical Impedance Spectroscopy (EIS)
EIS is an important experimental measurement technique which can be employed to
test the inner resistance. The information obtained from EIS includes the charge
transfer resistance, ohmic resistance and double layer capacitance. Normally, the
impedance spectrum is composed of a linear tail at high frequency and a semicircle
at low frequency. The semicircle can be ascribed to the charge transfer resistance,
reflecting the kinetic processes and the double layer capacitance. The linear tail
corresponds to the diffusion of ions from the electrolyte into the electrode materials.
Moreover, EIS can measure the ion diffusion and apparent energy activation of the
electrode. In this doctoral thesis, EIS data were recorded on a Biologic VPM3
electrochemical workstation in UOW.
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Chapter 4
4. A Green and Facile Way to Prepare
Granadilla-Like

Silicon-Based

Anode

Materials for Li-ion Batteries
4.1. Introduction
Silicon has attracted remarkable attention as a Lithium ion battery anode due to its
unparalleled theoretical capacity (≈4200 mAh g-1), relatively low discharge potential
(≈0.5V versus Li/Li+), abundance and environmental benignity.[1-6] However, the
dramatic volume change (>300%) during lithiation and delithiation processes leads
to severe pulverization and continual formation of solid electrolyte interphase (SEI)
on the newly formed silicon surfaces, resulting in a large capacity loss.[7-11] Therefore,
the cycling performance of silicon based anodes is still far from satisfactory from a
commercial point of view.[12]
Silicon nanoparticles (Si NPs) have been found to tolerate extreme changes in
volume with cycling.[13] Hence, great efforts have been made to improve the cycling
stability and electrical conductivity by using various Si-based nanostructures,
including Si nanowires,[3,14-15] porous Si,[16-19] and conductive agents coated Si such
as carbon,[18,20-21] Ag,[22-23] and conducting polymer.[24] Among them, a yolk-shell
structured carbon@void@silicon (CVS) composite[25-26] is quite promising for
practical applications, because the void space between the outer carbon shell and the
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inside Si NP allows the room for volume changes of Si NP without deforming the
carbon shell and solid−electrolyte interface (SEI) film, which in turn allows for the
growth of a stable SEI on the surface of the outer carbon shell.[26] Besides, the
homogeneous carbon coating shell can prevent the electrolyte ingress and the direct
contact of Si NPs with the electrolyte, so the SEI will only formed on the outer
surface of the carbon shell, leading to the high coulombic efficiency and improved
cycling stability.[25] For instance, Cui and co-workers achieved a high capacity of
∼2800 mAh g-1 with a very good cycling stability (1000 cycles with 74% capacity
retention) based on the yolk-shell structured CVS nanobeads through a templating
method. In order to improve the tap density and limit the SEI formation of these CVS
nanoparticles, inspired by the structure of a pomegranate fruit they developed a novel
secondary structure of silicon anode which composed of the previous CVS
nanobeads. However, in the effort to design the void space inside CVS nanobeads,
typically, a SiO2 sacriﬁcial layer was first produced by hydrolysis of tetraethyl
orthosilicate (TEOS),[25-26] followed with carbon coating and selective etching of
SiO2 using hydrofluoric acid (HF). Here, the method to produce SiO2 was expensive
and complex. Moreover HF solution as an etching agent to remove SiO2 is not
environmental

friendly.

Considering

this

fact,

new

less

expensive

and

environmentally benign methods to prepare yolk-shell silicon anodes are highly
desirable.
Here, we report a facile and green method to prepare granadilla-like silicon
microspheres. This new approach inherits the advantages of the yolk-shell structure
and can be easily scaled up. Figure 4.1 illustrates the synthesis procedure of silicon
granadillas. We controllably synthesized calcium carbonate@silicon (CaCO3@Si)
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microspheres in a controlled manner, wherein the Si NPs are individually
encapsulated by the CaCO3 framework, followed by carbon deposition and removal
of carbonate templates by washing in a dilute hydrochloric acid (HCl). The prepared
silicon granadillas coated with the integrated carbon layers on the outer surface
(outer shell) are composed of the interconnected porous carbon network supported
yolk-shell CVS nanobeads with the Si NP core and the conductive amorphous carbon
shell (inside shell), resulting in a unique double-carbon-shell structure. Different
from the previous reports in which the SiO2 sacriﬁcial layers coated Si NPs
(SiO2@Si) were first fabricated and then the microsized secondary spheres which
composed of primary SiO2@Si nanoparticles were prepared via an extra step,[26]
CaCO3@Si microspheres were generated through an one-step method within 5
minutes and show good spherical morphology. Carbon coating layers were produced
via a facile chemical vapor deposition (CVD) method in which acetylene was
selected as carbon precursor. Due to the good permeation of acetylene, a
homogeneous carbon coating layer could be fabricated not only on the outer surface
of the whole silicon granadillas but also the inside every single CaCO3@Si nanobead.
This double-carbon-shell structure can effectively prevent electrolyte ingress and
improve the electronic conductivity.[26] In addition, different from the previous
reports about the CVS nanobeads in which one carbon shell contains more than one
Si NP inside, one Si NP was individually encapsulated by one self-supporting hollow
carbon sphere in these new CVS, leading to good aggregation free dispersion of Si
NPs. Most importantly, in the present study, we first report the carbonate based
templates for the fabrication of the yolk-shell silicon-based anode. Compared with
the previous work, this method is much more facile and environmentally-friendly
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because of the use of diluted HCl instead of HF to remove CaCO3 templates. After
HCl treatment, the void space inside and among the CVS nanobeads can be formed,
which can better accommodate the huge volume change of Si NPs during the cycling
processes.[27]

Figure 4.1. Schematic representation of the silicon granadillas composite design.

4.2. Experimental Section
4.2.1. Materials
The chemical reagents used in this work were commercially available reagents. All
the reagents used in the present study were obtained from Sigma Aldrich. All the
chemicals were used as received without further purification.

4.2.2. Synthesis of CaCO3@Si microspheres
All the reagents used in the present study were obtained from Sigma Aldrich.
CaCO3@Si composites were prepared by means of a co-precipitation process.
Stoichiometric amount of sodium carbonate (Na2CO3) was dissolved in 100 ml
deionized (DI) water, and then after vigorously stirred for 2 min, 30 mg silicon (∼80
nm) were added to the above solution under stirring condition. The dispersion was
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further stirred for another 30 min to get a uniform suspension (a). At same time,
solution (b) was prepared by dissolving calcium chloride (CaCl2) in 100 ml DI water.
Then, suspension (a) was dropped into solution (b) with vigorous stirring for 5 min to
obtain 30-CaCO3@Si suspension which were collected by centrifugation, and
washed three times using DI water. For a comparison, 40-CaCO3@Si and 50CaCO3@Si were fabricated under the same conditions as described above except that
40 and 50 mg silicon was added, respectively.

4.2.3. Carbon coating on CaCO3@Si composites (C@CaCO3@Si)
Briefly, the obtained CaCO3@Si was placed in a horizontal quartz tube in a furnace.
The tube was firstly purged with purified Ar flow (50 mL min-1) for 30 min and then
heated to 600 °C at a heating rate of 10 oC min-1. Subsequently, acetylene was
introduced into the tube at the same temperature with a flow rate of 30 mL min-1, and
kept at these conditions for 30 min. Finally the system was cooled to room
temperature under Ar atmosphere and the sample collected is denoted as 30, 40 or
50-C@CaCO3@Si, respectively.

4.2.4. CaCO3 layer etching
CaCO3 sacrificial layer was removed with diluted HCl (5 wt%) solution.
C@CaCO3@Si powders were immersed in diluted HCl aqueous solution for 30 min,
followed by centrifugation and ethanol washing three times. The final silicon
granadillas (30, 40 or 50@Si-granadillas) were obtained after drying in a vacuum
oven.
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4.2.5. Characterization
The products 30, 40 or 50@Si-granadillas were analyzed by X-ray diffraction (XRD;
GBC MMA) with Cu Ka radiation; Raman spectroscopy (JobinYvon HR800)
employing a 10 mW helium/neon laser at 632.8 nm; field emission scanning electron
microscopy (FESEM; JEOL 7500); and transmission electron microscopy (TEM;
JEOL ARM-200F) with high-resolution TEM (HRTEM). Thermogravimetric
analysis (TGA) was performed by using a SETARAM thermogravimetric analyzer
(France) in air to determine the changes in sample weight with increasing
temperature and to estimate the amount of carbon in the sample. The X-ray
photoelectron spectra (XPS) analysis experiment was carried out using Al Kalpha
radiation and fixed analyser transmission mode. The passenergy was 60 eV for the
survey spectra and 20 eV for specific elements.

4.2.6. Electrochemical measurement
The tests were conducted by assembling coin-type half cells in an argon-filled glove
box. Lithium foil was employed as both reference and counter electrode. The
working electrode consisted of 70 wt% active material (30, 40 or 50@Si-granadillas,
respectively), 20 wt% black carbon, and 10 wt% carboxymethyl cellulose (CMC)
binder. The electrolyte was 1.0 M LiPF6 in a 1:1 (v/v) mixture of ethylene carbonate
(EC) and diethyl carbonate (DEC). Electrochemical cycling of electrodes was
conducted at 250 mA g−1 for galvanostatic measurements in the 10 mV to 2.0 V (vs.
Li/Li+) voltage window. Cyclic voltammetry was performed using a Biologic VMP-3
electrochemical workstation between 0.01 and 2.0 V at a scan rate of 0.1 mV s−1.
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4.3. Results and Discussion
Figure 4.2 shows the SEM images of all the samples. Before carbon coating, all the
samples exhibited good spherical morphology. With the increase of silicon content,
the size was increased from 3–4 μm for 30-CaCO3@Si (Figure 4.2a), and 4–5 μm for
40-CaCO3@Si (Figure 4.2b) to 5–6 μm for 50-CaCO3@Si (Figure 4.2c). During the
co-precipitation reaction, the silicon particles play a role in the nucleation, so higher
silicon content may results in more reaction inside one carbonate coated silicon
microsphere, leading to the increased size of these microspheres. The inset shows the
higher magnification images of the single microsphere of 30, 40 and 50-CaCO3@Si
represent show that all the Si NPs were well encapsulated by the CaCO3 framework
and smooth CaCO3 coating layers were generated on the outer surface of CaCO3@Si
microsphere. After carbon coating at high temperature, the obtained 30C@CaCO3@Si

(Figure

4.2d),

40-C@CaCO3@Si

(Figure

4.2e)

and

50-

C@CaCO3@Si (Figure 4.2f) retained similar spherical structures and became
smoother on the outer surface due to the carbon coating. More importantly, the
morphologies of the 30@Si-granadillas (Figure 4.2g), 40@Si-granadillas (Figure
4.2h) and 50@Si-granadillas (Figure 4.2i) were still well maintained after selectively
removing the CaCO3 sacrificial layer via HCl treatment. According to the enlarged
single sphere of 30@Si-granadillas in Figure 4.3, clearly shows that all the
translucent CVS nanobeads were well coated by the thin and homogeneous outer
carbon coatings, and supported by a well-connected three dimensional (3D) carbon
network.
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Figure 4.2. SEM images of 30-CaCO3@Si (a), 40-CaCO3@Si (b), 50-CaCO3@Si (c),
30-C@CaCO3@Si (d), 40-C@CaCO3@Si (e), 50-C@CaCO3@Si (f), 30@Sigranadillas (g), 40@Si-granadillas (h), and 50@Si-granadillas (i) (the insets show
magnified images of the individual microspheres).

Figure 4.3. SEM image of the enlarged single sphere of 30@Si-granadillas.
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TEM images of 30, 40 and 50@Si-granadillas are shown in Figure 4.4. For 30@Sigranadillas (Figure 4.4a), 40@Si-granadillas (Figure 4.4b) and 50@Si-granadillas
(Figure 4.4c), after HCl treatment, all the interconnected CVS nanobeads with a
intact outer carbon shell and the inside Si NP core were well encapsulated by the
micronsized outer carbon coating layers, leading to a double-carbon-shell structure.
The carbon shell in micrometer-size pouches was coated on the outer surface of the
whole silicon granadilla and showed crumpled but homogeneous structure after HCl
treatment. In addition, every single Si NP was individually encapsulated by one selfsupporting carbon hollow sphere, with well-defined void space between the Si NP
core and carbon shell, leading to a good dispersion and aggregation resistant of Si
NPs. [25-26] The nanosized CVS nanobeads are uniformly dispersed not only on the
surface but also inside the porous carbon framework, which means that the
CaCO3@Si microspheres were completely permeated inside the acetylene during the
CVD process. This can be confirmed by TME and EDS elemental mapping images
in Figure 4.5a to 4.5f. According to the EDS in Figure 4.5j, the C, O and Si can be
found in this sample, which correspond to the sample (Cu peaks arise from the
specimen holder). Statistical analysis of the volume of the outer carbon hollow
sphere (V1) and the inside Si NP (V2) for the CVS nanobeads from 30, 40 and
50@Si-granadillas shows that the average V1/V2 was centered at 4.25 for 30@Sigranadillas, 3.65 for 40@Si-granadillas and 2.82 for 50@Si-granadillas (as shown in
Figure 4.4e). The Si NPs utilized for this study have an average diameter of around
80 nm. Assuming a 300−400% volume expansion of crystalline silicon upon
complete lithiation,

[25,29]

we can see, the void space created in 30 and 40@Si-

granadillas are more suitable. [26] After etching away silicon using NaOH, the porous
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carbon framework was obtained (Figure 4.4f) and the double-carbon-shell structure
was clearly visible. It is seen that this porous carbon microsphere with homogeneous
outer carbon shells exhibits good spherical morphology and assembled with
interconnected hollow carbon spheres creating a 3D carbon network. Although the
outer carbon shell is only a few nanometers thick, it can still firmly support the
whole microbead even after HCl and NaOH etching. This unique double-carbonshell structure, can provide better protection from the electrolyte, even if the carbon
shell inside the CVS nanobeads was broken during cycling, the outer shell can also
act as an electrolyte barrier and accommodate the expansion/contraction of the
encapsulated Si NPs.[28] Overall, the unique double-carbon-shell structure can
provide a better conducting framework, strengthen the mechanical properties, and
can also act as an electrolyte blocking layer, so SEI formed mostly outside the silicon
granadillas.[26] Besides, the void space inside and among the CVS nanobeads can
effectively accommodate the volume expansion of the silicon without rupturing the
carbon shell or changing the silicon granadilla size.[26]
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Figure 4.4. TEM images of 30@Si-granadillas (a), 40@Si-granadillas (b), 50@Sigranadillas (c) (inset is its high magnification image), the EDS elemental mapping of
the enlarged CVS from 50@Si-granadillas (d): carbon (yellow) and silicon (red), the
statistical analysis of V1/V2 (e), and TEM image of the carbon framework after
etching away silicon using NaOH (f).
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Figure 4.5. TEM images (a-c), EDS elemental mapping images (d-f) and EDS result
of 40@Si-granadillas (j).
Figure 4.6a shows the XRD patterns of all the samples. For all the samples, there are
three distinct diffraction peaks at 2θ values of 28.3, 47.0, and 55.8o, which can be
assigned to (111), (220), and (311) planes of Si phase (JCPDS NO. 27–1402),
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respectively.[8] Besides the Si phase, the peak at about 25.0o can be assigned to the
(002) plane of carbon (JCPDS No. 65–6212).[30] All the (002) peaks are very weaker
and broader, indicating the low graphitic crystallinity in these three samples.[31]
Figure 4.6b shows their Raman spectra. The strong peaks at around 500 cm-1 for all
the samples are ascribed to Si and SiO.[32-33] The weak peak at about 1350 cm-1 (Dband) is associated with the amorphous carbon materials,[34] while the strong peak at
around 1590.0 cm-1 (G-band) is attributed to the vibration of sp2-bonded carbon
atoms in a two-dimensional hexagonal lattice,[35] namely the stretching modes of
C=C bonds in typical graphite. The low-intensity and weak G-band peak suggests a
structural imperfection of the graphene sheets such as defects and small crystal
domain size,[36-38] implying these samples have low graphitization degrees. The
components of 30, 40 and 50@Si-granadillas were further confirmed by X-ray
photoelectron spectra (XPS) spectrum in Figure 4.6c. The peaks located at 101.1 eV
can be assigned to Si 2p, indicating the presence of a layer of silicon oxide species on
the surface of all the samples.[32] Strong peaks at 285.2 eV are ascribed to the C 1s.[32]
Figure 4.6d shows the TG curves of 30, 40 and 50@Si-granadillas in air. It can be
see that the weight loss derived from carbon combustion is located in the range of
450–650 oC. The low combustion temperature of silicon granadillas stems from the
introduction of carbon with amorphous structure. The residual mass of 30, 40 and
50@Si-granadillas at 700 oC is about 15, 20 and 30 wt%, respectively, suggesting the
relevant Si (SiOx) contents in them. In addition, there is a slight weight increase after
700 oC, which means the oxidation of silicon under high temperature.
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Figure 4.6. XRD patterns (a), Raman spectra (b), XPS spectra (c) and TG curves of
30, 40 and 50@Si-granadillas in air (d).
Figure 4.7a shows the first, second and fiftieth charge and discharge curves of
50@Si-granadillas at a current density of 250 mA g-1. The discharge and charge
capacities in the first run are about 1643.9 and 1306.9 mAh g-1, thus its initial
coulombic efficiency is 80 %. During the first discharge process, sloping voltage
plateaus which disappeared in the last cycles between 1.5 and 0.2 V reveals the
formation of the stable SEI films on the surface of the electrode, which was further
confirmed by the reductive peak in the first cycle of the inserted CV plots in Figure
7a.[39-40] After that, there are long and flat voltage plateaus below 0.2 V which are
consistent with the reductive peaks below 0.2 V in the CV plots, suggesting the
insertion of lithium ions in carbon and silicon.[41] In addition, voltage plateaus
located at about 0.5 V during the charge processes were well maintained even after
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50 cycles in 50@Si-granadillas and 200 cycles in 30@Si-granadillas (Figure 4.8a)
and 40@Si-granadillas (Figure 4.8b), which means the extraction of lithium ions
from carbon and de-alloying of Li4.4Si and consistent with the oxidative peaks at 0.5
V in the CV plots. Compared with the first charge curves of 30@Si-granadillas and
40@Si-granadillas, this plateau showed in 50@Si-granadillas is more obvious
because of its higher silicon content.
The cycling performance in Figure 4.7b shows that the charge capacities of 30@Sigranadillas, 40@Si-granadillas and 50@Si-granadillas between 2 and 0.01 V at the
current density of 250 mA g-1 is around 735.0, 903.3, and 1306.9 mAh g-1 at the first
cycle, and 639.6, 768.8 and 1080.1 mAh g-1 after 200 cycles, respectively. As a result,
the capacity retention of these samples is about 87.0, 85.1 and 82.6 % after 200
cycles, suggesting 30@Si-granadillas and 40@Si-granadillas have better cycling
stability than that of 50@Si-granadillas. It is known that the theoretical capacity of
amorphous carbon is around 600.0 mAh g-1.[42] Therefore, the theoretical capacity of
30@Si-granadillas, 40@Si-granadillas and 50@Si-granadillas is calculated to be
around 1140.0, 1320.0 and 1680.0 mAh g-1 (based on the TG data). Figure 4.8c
shows the rate performance of the samples at different current densities. The charge
capacity of 30@Si-granadillas, 40@Si-granadillas and 50@Si-granadillas at the first
250 mA g-1 after 20 cycles is 703.6, 828.7 and 973.6 mAh g-1, respectively, and the
retention of the capacity at 500, 1000, and 2000 mA g-1 after 20 cycles is 87.8, 76.3,
and 68.0 % for 30@Si-granadillas, 89.1, 74.1, and 65.1 % for 40@Si-granadillas,
and 85.6, 71.1, and 65.3 % for 50@Si-granadillas, respectively. In addition, the
charge-discharge curves of 30@Si-granadillas at the first cycle under different
current rates are shown in Figure 4.8c. It can be seen, even after the big current
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density cycling test, the plateaus of silicon around 0.5 V can still well maintained.
Compared with 50@Si-granadillas, 30@Si-granadillas and 40@Si-granadillas show
the better cycling stability and rate performance. However, 40@Si-granadillas has a
higher specific capacity than 30@Si-granadillas due to its higher silicon content.
Therefore, based on the point of commercial application, we believe that 40@Sigranadillas is the optimized one among these three samples. Therefore, in order to
further check the electrochemical performance of 40@Si-granadillas, the discharge
capacity of 40@Si-granadillas at higher current densities between 2 and 0.01 V was
tested. In Figure 4.8d, we can see that even we increased the current density to 5 and
10 A g-1 and extended the test to 500 cycles, 40@Si-granadillas still maintained a
good stability. Besides, the TEM picture of 40@Si-granadillas after fully discharge
and SEM pictures of 40@Si-granadillas after 200 cycles were provided in Figure 4.9
to check the integrity of this yolk-shell structure. In Figure 4.9a, after the discharge
process the volume of silicon particles were increased and they almost fully occupied
the inside hollow space without damage the outer carbon coating layer, which means
the void we created inside this yolk-shell structure is appropriate. In Figure 4.9b and
4.9c, good structural integrity can be found for the 40@Si-granadillas after 200
cycles test, which means not only the structure of the inside carbon shell from the
yolk-shell nanoparticles but also the outer microsized carbon coating layers were not
destroyed.
Figure 4.7d shows the electrochemical impedance plots of the samples. Although the
slopes of their straight lines are very similar, the sizes of their semicircles are
different, following a sequence of 50@Si-granadillas < 40@Si-granadillas < 30@Sigranadillas, suggesting that among all the prepared silicon granadillas, 30@Si-
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granadillas has the lowest resistance to the lithium ion transfer and the highest
electronic conductivity because of the higher carbon content.
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Figure 4.7. Electrochemical properties (a) the discharge-charge curves of 50@Sigranadillas (insert is the first five CV profiles of 50@Si-granadillas), (b) the cycling
property, (c) the rate performance, and (d) the electrochemical impedance plots of
30@Si-granadillas, 40@Si-granadillas and 50@Si-granadillas anodes.
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Figure 4.8. Electrochemical properties: the first and 200th discharge-charge curves of
30@Si-granadillas (a) and 40@Si-granadillas (b), the discharge-charge curves of
30@Si-granadillas at different current rates (c), and the cycling performance of
40@Si-granadillas under higher current densities (d).

Figure 4.9. The TEM picture of fully discharged 40@Si-granadillas (a), and SEM
picture of 40@Si-granadillas after 200th cycles (b and c).

4.4. Conclusion
Therefore, the silicon granadillas with a silicon content 20 wt% created here show
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excellent electrochemical properties with the large reversible capacity, good cycling
stability and rate capability. This is because of their unique architecture: (1) the
introduction of the interconnected carbon network inside the silicon granadillas and
the unique double-carbon-shell structure can effectively strengthen the mechanical
properties, improves the electrical conductivity, and prevents the electrolyte
ingress;[37,43-46] (2) the developed porous carbon supported yolk-shell structure not
only provide additional storage sites for lithium ion[47], promote the lithium ion
transfer and electrolyte diffusion, but also provide better absorb the huge volume
change of silicon during cycling, prevent the aggregation of Si NPs, and allow for the
growth of the stable SEI film;[25,48-49] (3) the homogenous microspherical
morphology, which leads to the less tortuosity of electrode and higher electrolyte
diffusion thus enhancing the rate performance.[50-56]
In summary, we have demonstrated a facile and scalable method for preparing silicon
granadillas anode materials. Silicon granadillas with a homogeneous micronsized
carbon shell on the outer surface are composed of a kind of well-connected carbon
network supported yolk-shell nanobeads containing silicon nanoparticles individually
protected by a thin, self-supporting, and conductive hollow carbon shell, leading to a
unique double-carbon-shell structure. Rationally designed robust 3D carbon
framework, interconnected yolk-shell carbon/silicon nanobeads, and the unique
double-carbon-shell endow these silicon granadillas with excellent electrochemical
performance. Clearly, the simplicity and scalability of this fabrication process will
make silicon granadillas anode material promising for the practical application in the
next generation Li-ion cells.
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5.1. Introduction
Conventional lithium ion batteries (LIBs) based on carbon anodes, such as
commercial graphite microspheres and mesophase carbon microbeads (MCMB),
with theoretical capacity of about 372 mAh g-1, have now reached their limit in terms
of meeting the need for high energy storage.[1-4] To meet the increasing demand for
energy storage capability, novel electrode materials with higher capacity, low cost,
and the ability to be produced on a large scale are of great interest.[5]
Silicon (Si) and hematite (α-Fe2O3) have long been regarded as appealing anode
materials for LIBs because of their much higher theoretical capacities (~4200 and
1007 mA h g-1, respectively) than those of the commercially used ones, as well as
their nontoxicity and natural abundance.[3,6-14] Despite all these advantages, the full
utilization of silicon- or α-Fe2O3-based batteries to date has been hindered by a series
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of obstacles, including poor cycle life and rate performance, that result from their
large volumetric expansion during cycling and low ionic/electronic conductivity.[1519]

Hence, great efforts have been made to further improve their electrochemical

performance by using various silicon-containing (silicon nanowires,[10,20,21] silicon
nanotubes,[22] porous structured silicon,[23] and carbon coated silicon[24,25]) or αFe2O3-containing (Fe2O3 nanorods,[15] Fe2O3 nanotubes,[26] Fe2O3 nanosheets,[6]
graphene@Fe2O3 composite[9]) materials. Among them, porous carbon@Si or
carbon@α-Fe2O3 composites in which the active particles are coated or embedded in
a porous conductive carbon skeleton are quite promising, because the void space
allows the expansion of silicon and α-Fe2O3 during the lithiation/ delithiation
processes, thus maintaining the structural and electrical integrity.[7] For instance, Cui
et al. demonstrated a carbon@void@Si (yolk-shell) composite system having a high
capacity of ∼2800 mAh g-1.[27] α-Fe2O3/reduced

graphene oxide (rGO)

nanocomposites (∼1100 mAh g-1) were fabricated by Zhang et al.[28] through a facile
microwave hydrothermal method in which the α-Fe2O3 nanoparticles were uniformly
anchored on the graphene nanosheets. Therefore, the main problem for silicon and αFe2O3 can be addressed by combining porosity and the incorporation of carbon in
one structure. Till now, some work has been reported that combining silicon with
metal oxide or alloys in one system is an effective way to improve the electrochemical
performance of the synthesized electrodes by taking advantages of the superiorities of
both silicon and the active additions, such as Co 2O3@Si,[29] SnO2@Si,[30] Fe3C@Si,[31]
and Ge@Si.[32] It is found that, the specific capacities of the composites were
increased due to the introduction of silicon, and the cycling stability was also
improved resulted from the specific structure of the metal oxide or alloys. However,
to the best of our knowledge, most of the composite anodes explored so far contain
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either silicon or α-Fe2O3 along with carbon, and only few reports are available in
which both the materials are utilized in one system. Just as reported this year, David
Zitoun synthesized Si@hollow γ-Fe2O3 nanoparticles as anode for LIBs. [33] As
reported, the prepared Si with iron oxide grown on its surface showed a very high
specific capacity (around 2600 mAh g -1). To the best of our knowledge, the

composite anodes explored so far contain either silicon or α-Fe2O3 along with
carbon, and no reports are available in which both the materials are utilized in one
system. It is therefore envisioned that advances in LIB technology can be achieved
by incorporating both silicon and α-Fe2O3 in one porous carbon skeleton.
Herein, we report a facile one-step synthesis of a carbon-silicon-hematite (C-SiFe2O3) composite. In our case, silicon nanoparticles (Si NPs) are sandwiched
between α-Fe2O3-embedded porous carbon sheets (C@Fe2O3). The electronic
conductivity of both the silicon and the α-Fe2O3 NPs can be improved by the
conductive carbon layers.[34,35] Meanwhile, the flexible carbon sheets are adaptable
and can freely switch between the expansion and contraction of the active particles
upon lithiation and delithiation.[28,36] In addition, the space between the carbon layers
allows the Si NPs to expand freely.[37] More importantly, the C@Fe2O3 layers can
prevent the Si and α-Fe2O3 nanoparticles from aggregating. These unique
characteristics facilitate the collection and transport of electrons, resulting in high
capacity and good cycling stability.[38,39]

5.2. Experimental Section
5.2.1. Material synthesis
In this work, 0.36 g iron (III) chloride hexahydrate (FeCl3·6H2O, 1.33 mmol, Sigma-
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Aldrich, 98%) was dissolved in 1.22 g oleic acid, which was treated as the carbon
precursor (Sigma-Aldrich). The resulting mixture was aged at 85 °C for 3 h to obtain
the bronzing slurry, and then mixed with 600 mg Si (～100 nm). The mixture was
heated to 600 °C at the heating rate of 5 °C min-1 under Ar atmosphere for 3 h and
then washed with distilled water to obtain the final material (C-Si-Fe2O3). For
comparison, carbon coated silicon (C-Si) composite was fabricated, in which 600 mg
Si was mixed with 1.22 g oleic acid. Then, the mixture was heated to 600 °C at the
heating rate of 5 °C min-1 under Ar atmosphere for 3 h to obtain C-Si. In addition,
only FeCl3·6H2O and oleic acid were mixed and heated under 600 oC at the heating
rate of 5 °C min-1 under Ar atmosphere for 3 h to obtain carbon/iron oxide composite
(C@Fe2O3).

5.2.2. Characterizations
The products, C-Si-Fe2O3 and C-Si were analyzed by X-ray diffraction (XRD; GBC
MMA) with Cu Kα radiation; Raman spectroscopy (JobinYvon HR800) employing a
10 mW helium/neon laser at 632.8 nm; field emission scanning electron microscopy
(FESEM; JEOL 7500); and transmission electron microscopy (TEM; JEOL ARM200F) with high-resolution TEM (HRTEM). Elemental carbon-hydrogen-nitrogen
mode (CHN) analysis was conducted to determine the carbon content in C-Si-Fe2O3.
X-ray photoelectron spectroscopy (XPS) was carried out using Al Kα radiation and
the fixed analyzer transmission mode. The pass energy was 60 eV for the survey
spectra and 20 eV for specific elements.

5.2.3. Electrochemical Measurements
The tests were conducted by assembling coin-type half cells in an argon-filled glove
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box. Lithium foil was employed as both reference and counter electrode. The
working electrode consisted of 70 wt.% active material (C-Si-Fe2O3 and C-Si,
respectively), 20 wt.% carbon black, and 10 wt.% carboxymethyl cellulose (CMC)
binder. The electrolyte was 1.0 M LiPF6 in a 1:1 (v/v) mixture of ethylene carbonate
(EC) and diethyl carbonate (DEC). Electrochemical cycling of coin cells was
conducted at 750 mA g-1 using galvanostatic mode in the potential window of 10 mV
to 2.8 V (vs. Li/Li+). Cyclic voltammetry was performed using a Biologic VMP-3
electrochemical workstation between 0.01 and 2.8 V at a scan rate of 0.1 mV s-1.

5.3. Results and Discussion
Fig. 5.1 in the Supporting Information shows a typical scanning electron microscope
(SEM) image of Si NPs, which are in the size range of around 100 nm. The obtained
C-Si composite in Fig. 5.2a exhibits an interconnected network, forming a
continuous three-dimensional (3D) structure. The higher magnification image of CSi (Fig. 5.2b) shows that the Si NPs are well connected with each other through the
carbon coating layers. Compared with C-Si, C-Si-Fe2O3 (Fig. 5.2c) shows a
significantly different structure. It can be seen that C-Si-Fe2O3 possesses a layer-bylayer assembled structure. Si NPs are dispersed between the Fe2O3-embedded carbon
(C@Fe2O3) layers, and these C@Fe2O3 layers prevent the aggregation of Si NPs and
α-Fe2O3 nanoparticles during the annealing process. More importantly, some of the
carbon sheets reconstitute in stacks to form a porous conductive network, and this
unique interconnected 3D nanostructure not only improves the electronic
conductivity, but also provides void space to accommodate the volume changes of Si
NPs and α-Fe2O3 during cycling while maintaining the mechanical stability.[37] Fig.
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5.2d shows an enlarged image of a C@Fe2O3 layer, where uniformly embedded αFe2O3 NPs in the size range of 30-40 nm are clearly seen on the carbon layers.
Furtherly, for comparison with C-Si and C-Si-Fe2O3, in order to confirm the function
of iron-precursor in this process, the C@Fe2O3 was also prepared. According to the
SEM pictures in Fig. 5.3, it can be found that the highly agglomerated sheet-like
C@Fe2O3 composite was successfully obtained, which means the iron-precursor
played an very important role in the formation of 2D sheet structured C@Fe2O3.

Figure 5.1. SEM image of Si NPs.
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Figure 5.2. SEM images of C-Si (a, b), and C-Si-Fe2O3 (c, d).

Figure 5.3. SEM pictures of the sheet-like C@Fe2O3
The energy dispersive X-ray spectroscopy (EDX) spectrum in Fig. 5.4a shows that
only carbon and silicon can be found in this sample (Cu peaks arise from the
specimen holder). Fig. 5.4b shows a TEM image of C-Si. It can be seen that C-Si is
composed of carbon-coated Si NPs in the size range of 80-130 nm, and all of these
particles are interconnected together. The enlarged TEM image of C-Si (Fig. 5.4c)
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shows that the silicon surface was coated by the carbon layers, which can be further
tested by the elemental mapping images in Fig. 5.4d and Fig. 5.4e. It can be seen that
every single silicon nanoparticle is separated from the others due to the outer carbon
shell. According to the HRTEM picture in Fig. 5.4f, the thickness of the carbon
coating layer was around 5-8 nm. Fig. 5.5a shows that carbon, silicon, and iron can
be found in C-Si-Fe2O3. The element mapping images (Fig. 5.5c-5.5e) from Fig. 5.5b
show that even after ultrasonication for TEM characterization, α-Fe2O3 particles are
still firmly attached to the carbon sheets and Si NPs are also dispersed uniformly
between the C@Fe2O3 layers. According to the enlarged TEM and the inserted
HRTEM images of the individual Fe2O3 nanoparticle, it can be found that the size of
Fe2O3 nanoparticles is in a range of 15-25 nm. This unique structure helps to protect
the α-Fe2O3 and Si NPs from agglomeration and enables the good dispersion of these
active particles over the carbon sheet supports. In addition, very thin carbon coating
layers can be seen on the surfaces of the Si NPs.
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Figure 5.4. C-Si: EDX spectrum (a), TEM images (b, c), the corresponding carbon
(yellow) and silicon (red) elemental mapping images (d and e), and the HRTEM
picture of C-Si (f).

Figure 5.5. C-Si-Fe2O3: EDX spectrum (a), TEM image with low magnification (b),
corresponding carbon (yellow), silicon (red), iron (green) elemental mapping images
(c, d and e), and TEM image with high magnification (f) (insert is the HRTEM of
the individual Fe2O3 nanoparticle).
So, based on the SEM and TEM data provided above, we give the model of this
prepared C-Si-Fe2O3 composite as shown in Fig. 5.6. The mechanism for the
formation of this structure can be explained as follows. The iron–oleate complex was
first synthesized during the aging period and then uniformly mixed with the Si NPs.
Upon heating under inert atmosphere, the metal−oleate complex was converted to
form the two-dimensional hematite/carbon hybrid nanosheet structure, and the thin
carbon coated Si NPs were sandwiched between these hybrid nanosheets.[39,40]
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Figure 5.6. Schematic of the prepared C-Si-Fe2O3 composite
Fig. 5.7a shows the XRD patterns of C-Si-Fe2O3, C-Si, and Si NPs. For all the
samples, there are three distinct diffraction peaks at 2θ values of 28.3, 47.0, and 55.8o,
which can be assigned to the (111), (220), and (311) planes of silicon phase (JCPDS
NO. 27-1402), respectively.[16] Besides the silicon phase, in the C-Si-Fe2O3 sample,
all the peaks at about 24.1, 33.1, 35.6, 43.3, 49.5, 54.1, 57.5, 62.3, and 65.3o can be
assigned to the (012), (104), (110), (202), (024), (116), (018), (214), and (300) lattice
planes, respectively, of α-Fe2O3 (JCPDS No. 33–0664).[28]
Fig. 5.7b presents their Raman spectra. For all the silicon-based samples, the strong
peaks at about 500 cm-1 are ascribed to Si and SiO.[41,42] The peak at around 1350 cm-
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(D-band) is associated with the vibration of carbon atoms with dangling bonds in

plane terminations of the activated carbon (AC),[43] while the strong peak at about
1590.0 cm-1 (G-band) can be assigned to the vibration of sp2-bonded carbon atoms in
a two-dimensional hexagonal lattice,[44] namely, the stretching modes of C=C bonds
in typical graphite. For the carbon-based samples, a low-intensity and weak G-band
peak suggests structural imperfection of the graphene sheets, such as small crystal
domain size or defects.[45-47] Therefore, the carbon inside C-Si-Fe2O3 and C-Si
belongs to the AC class and has a low degree of graphitization. Compared with Si
NPs, it can be seen that the peaks around 292 and 606 cm-1 of C-Si-Fe2O3 have
stronger intensity. This increased intensity is due to the overlap of peaks of α-Fe2O3
and silicon at these positions, indicating the presence of α-Fe2O3. In agreement with
the XRD results, this indicates that the C-Si-Fe2O3 composite was successfully
synthesized via our facile one-step method.
The components of C-Si-Fe2O3 were further confirmed by X-ray photoelectron
spectroscopy (XPS), suggesting the presence of the elements Si, C, O, and Fe in the
sample (see Fig. 5.7c). A high resolution spectrum of Fe 2p is displayed in Figure
5.7d, showing two peaks at about 712.0 and 725.0 eV, corresponding to Fe 2p3/2 and
Fe 2p1/2.[48] The carbon content of C-Si-Fe2O3 was measured using a carbonhydrogen-nitrogen (CHN) analyser. 15 wt.% carbon was found in C-Si-Fe2O3. Based
on the ratio of FeCl3·6H2O to the Si NPs, the α-Fe2O3 and silicon content of C-SiFe2O3 was calculated to be around 20 and 65 wt.%, respectively.
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Figure 5.7. XRD patterns (a) and Raman spectra (b) of all the samples; XPS survey
spectrum of C-Si-Fe2O3 (c) and the corresponding high resolution XPS spectrum of
Fe 2p (d).
Fig. 5.8a shows the charge/discharge curves of C-Si-Fe2O3 and C-Si at a current
density of 750 mA g-1. The discharge and charge capacities in the first run are about
2846.5 and 1911.4 mAh g-1 for C-Si-Fe2O3, and 3404.3 and 2206.9 mAh g-1 for C-Si,
so that their initial coulombic efficiency is 67.2 and 64.8 %, respectively. The low
initial coulombic efficiency of the synthesized C-Si-Fe2O3 may be because of the
porous structure and secondary reactions such as electrolyte decomposition between
the electrode and electrolyte, which often result in high irreversibility.[49-51]
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Fig. 5.8b shows the representative first three consecutive cyclic voltammetry (CV)
curves of C-Si-Fe2O3 in the voltage range of 0.01–2.8 V at a scan rate of 0.1 mV s-1.
During the first discharge process, two reduction peaks at 1.48 and 0.68 V can be
observed, which could be related to a multi-step electrochemical reduction
process.[6,52,53] Specifically, the small cathodic peak at 1.48 V can be ascribed to the
initial lithium intercalation and the phase transition from hexagonal Lix(Fe2O3) to
cubic Li2(Fe2O3).[54,55] In addition, another cathodic peak located around 0.68 V,
which disappears from the second cycle, can be attributed to the further reduction of
the Li2(Fe2O3) to Fe0, as well as the formation of the solid electrolyte interphase (SEI)
layer.[56] Thus, the reactions are speculated to be as follows:
Fe2O3 + 2Li+ + 2e— → Li2(Fe2O3)
—

Li2(Fe2O3) + 4Li+ + 4e → 2Fe0 + 3Li2O

(1)
(2)

In addition, another cathodic peak at 0.18 V appears from the second cycle, which is
attributed to the alloying of lithium with silicon.[57] The subsequent broad anodic
peaks during the charge process are observed at 1.60 and 1.93 V, indicating the
multiple step oxidation of Fe0.[26,54,58] Meanwhile, the other oxidative peaks located
at about 0.31 and 0.48 V are due to the extraction of lithium ions from the carbon and
the de-alloying of LixSi.[7,35] The general overlapping of charge curves implies good
reversibility and stability of the electrochemical reactions.6 These results nearly
coincide with the voltage plateaus in the galvanostatic discharge–charge curves (Fig.
8a) and are consistent with the good cycling performance of C-Si-Fe2O3, as discussed
below. Compared with C-Si-Fe2O3, however, the first three CV curves of C-Si in Fig.
5.9 are quite different. Only the reduction peaks below 0.3 V and anodic peaks
around 0.5 V can be found.
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The cycling performance in Fig. 5.8c shows the charge/discharge capacity of C-SiFe2O3 at a current density of 750 mA g-1 for 220 cycles. It can be seen that the charge
capacity is 1911.4 mAh g-1 at the first cycle and 1980.5 mAh g-1 after 220 cycles,
suggesting that C-Si-Fe2O3 has high capacity and good cycling stability. Meanwhile,
a small decrease in the reversible capacity is observed during the first 50 cycles.
After that, the capacity starts to increase slowly and reaches a plateau after the 100th
cycle. This kind of electrochemical performance is well coincide with the previous
reported Si- or iron oxide-based anodes.[59-61] We believer, this phenomenon might
be indicative of a change in the lithium ion insertion and extraction reactions after
deep cycles, leading to the continuously various degree activation of the active
materials. The exact reason for this performance is unclear at this stage, and further
in-depth investigation is needed. It is well known that the capacity of AC is around
600.0 mAh g-1.[62] Thus, the improved capacity for C-Si-Fe2O3 is attributed to the
contribution of silicon and α-Fe2O3 nanoparticles, and the capacity of silicon, αFe2O3, and AC is calculated to be around 2730.0, 200.0, and 90.0 mAh g-1,
respectively (based on the CHN data). Therefore, the theoretical capacity of C-SiFe2O3 is around 3020.0 mAh g-1, and the capacity retention is about 65.6 %, even
after 220 cycles.
Fig. 5.8d shows the rate performance of the samples at different current densities.
The charge capacities of C-Si-Fe2O3 and C-Si for the initial 0.75 A g-1 after 20
cycles are 1472.0 and 1148.3 mAh g-1, respectively, and the retention of the capacity
at 1.5, 3.0, and 6.0 A g-1 is 96.2, 66.0, and 50.4 % for C-Si-Fe2O3, respectively,
higher than the corresponding values for C-Si (61.2, 12.8, and 5.8%), especially at
the current densities of 3.0 and 6.0 A g-1, indicating the better rate performance of C-
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Si-Fe2O3. More importantly, compared with C-Si, after the high rate charge and
discharge, a much higher reversible capacity of C-Si-Fe2O3 can still be maintained
for the next 150 cycles. Fig. 5.10 shows the electrochemical impedance plots of CSi-Fe2O3 and C-Si. It can be seen that the conductivity of C-Si-Fe2O3 is less than that
of C-Si.[7]
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The enhanced electrochemical properties of the porous C-Si-Fe2O3 could be
attributed to its unique architecture: (1) the sandwiched nanoarchitecture helps to
protect the α-Fe2O3 and Si NPs from agglomeration and enables good dispersion of
these active particles over the carbon sheet supports; (2) the multilayered structure
can provide a porous, highly conducting 3D network that can serve as a structural
scaffold to improve the electronic conductivity, strengthen the mechanical properties,
and also provide better room for the huge volume changes of Si NPs and α-Fe2O3
during cycling;[5,63,64] and (3) the nanosized α-Fe2O3 particles (～30 nm) uniformly
embedded on the carbon layers will enhance the diffusion process, which leads to
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less tortuosity of the electrode and higher electrolyte diffusion, thus enhancing the
rate performance.[65]

5.4. Conclusion
In summary, we have demonstrated a facile and scalable method for preparing a
novel nanoarchitecture for carbon@silicon@hematite (C-Si-Fe2O3) composite,
employing a one-step self-assembly method. Silicon nanoparticles are sandwiched
between the nanosized iron-oxide-embedded carbon layers. The rationally designed
unique 3D porous carbon network enhances the electrical conductivity and enables
this C-Si-Fe2O3 composite to buffer the volume changes of silicon and α-Fe2O3
during the cycling much more effectively. Compared with commercial graphite
microspheres (372 mAh g-1), C-Si-Fe2O3 shows much higher capacity and better rate
performance. Clearly, the simplicity and scalability of this fabrication process and its
excellent electrochemical properties will make C-Si-Fe2O3 anode material promising
for practical application in the next generation of Li-ion cells.
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Chapter 6
6. In-operando mechanism analysis on
nanocrystalline silicon anode material for
reversible and ultra-fast sodium storage
6.1. Introduction
Presently, lithium-ion batteries (LIBs) are the most promising commercialized
electrochemical energy storage systems. Unfortunately, the limited resource of Li
results in increasing cost for its scalable application and a general consciousness of
the need to find new type of energy storage technologies. Very recently, substantial
effort has been invested to sodium-ion batteries (SIBs) due to their effectively
unlimited nature of sodium resources. Furthermore, the potential of Li/Li+ is 0.3 V
lower than that of Na/Na+, which makes it more effective to limit the electrolyte
degradation on the outer surface of the electrode.[1] Nevertheless, one major obstacle
for the commercial application of SIBs is the larger ionic radius of Na+ (0.98 Å)
which is 0.29 Å larger than that of Li+, resulting in easier structural degradation for
the Na+ host materials.[2,3] As anode materials for SIBs, the traditional carbon-based
materials like hard carbon[4] and porous carbon[5,6], tin (Sn)[7] and antimony (Sb)[8]
show poor cycle performance due to their large volume expansion caused by Na+
insertion.
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Compared with the commercial carbon-based anodes with a relatively low
theoretical capacity (below 380 mAh g–1) in LIBs, silicon (Si)-based materials are
particularly promising because of their extremely high reversible specific capacity
(3590 mAh g–1, corresponding to Li15Si4).[9-13] Very excitingly, many previous
theoretical calculations have predicted that Na can also alloy with Si to form NaSi
(Si + Na+ + e− ↔ NaSi), providing a specific capacity around 960 mAh g–1.[14,15]
Therefore, from the viewpoint of high energy density, Si-based anode material is also
an excellent choice for SIBs. Unfortunately, realizing reversible Na+ insertion in
crystalline Si (c-Si) is still impeded by difficulties. Only one report on the
charge/discharge-reversible Si anode for SIBs was published very recently, where
nanosized Si contained a significant amount (more than 60%) of amorphous Si (a-Si)
as anodes in SIBs.[1] Owing to the essential disadvantages of Si (e.g., the low
conductivity and large volume change during cycling), however, poor rate
performance and cycle life were unavoidable. Also, the sodiation mechanism has not
been well elaborated so far.
Herein, we demonstrate for the first time the feasibility of nanosized c-Si (below 100
nm in diameter) as the original anode in SIBs. Taking advantages of in-operando
Raman spectroscopy that is also first reported for Si-based anodes, and kinetics
analysis, we find that an irreversible crystal structure conversion occurs during the
first Na+ insertion/extraction processes, resulting in an irreversible decrease in the
crystallinity within the initial c-Si. Ultra-fast reversible reactions between the newly
generated a-Si and Na+ ions then proceeded smoothly during the subsequent cycles.
In addition, the size effect of the starting c-Si nanocrystals also has a significant
influence on the reversible Na+ insertion/extraction into/from c-Si. Microsized c-Si
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showed a very low specific capacity and didn't show any structural conversion in
terms of the electrochemical and in-operando X-ray diffraction (XRD) analyses,
respectively. Unfortunately, the cyclability of the pure nanosized c-Si was poor,
resulting in a rapid decay in capacity even during initial several cycles. This can be
explained by the volume expansion/constriction during Na+ insertion/extraction
processes.[16] As a result, structural degradation in the expanded c-Si quickly took
place, and these destructive Si particles were subsequently dispersed into the
electrolyte, leading to the poor structural stability. Another disadvantage of pure c-Si
is the low conductivity, which is negative for rate performance.[10,11]
Based on our research on the sodiation mechanism of nanosized c-Si, herein, the
electrochemical abilities of pure nanosized c-Si electrode could be improved via
carbon doping and nanostructural design. Inspired by the previous work on Si-based
anodes in LIBs,[17-26] loading Si nanoparticles (Si NPs) within one-dimensional (1D)
carbon nanofibers is one of the most desirable strategies to improve the conductivity
and rate capability. Such an attractive structure can provide shortened path for ionic
diffusion and effective electron transfer in the radial direction. As for the volume
expansion of c-Si, yolk-shell carbon/void/Si (CVS) composite is prospective, since
the introduced gap provides space for Si NPs without wrecking the outer coatings
and the solid electrolyte interphase (SEI) film.[11,27] Therefore, by integrating 1D
carbon nanofibers and the yolk-shell structure, it is feasible to create highperformance Si anodes.
In this work, we fabricated a flexible binder-free bamboo-rattle type Si/C film via a
electrospinning technology. Typically, CVS nanobeads were first prepared through a
templating method, whereby Si NPs were enwrapped with a uniform silica coating
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(SiO2@Si), and then these SiO2@Si nanospheres were uniformly distributed into the
carbon nanofibers through a facile and scalable electrospinning method. After the
treatment of carbonization and HF etching, the final Si/C composite with a welldefined yolk-shell nanoarchitecture was achieved. Very encouragingly, the resulting
Si/C hybrid is flexible, and exhibits high reversible capacity, ultrafast sodium storage
and outstanding cyclability in SIBs.

6.2. Experimental Section
6.2.1. Material synthesis
All the reagents used were obtained from Sigma Aldrich. Commercial c-Si NPs were
first coated with a SiO2 layer (SiO2@Si) using tetraethoxysilane. SiNPs (150 mg)
were first dispersed in a mixture of ethanol (240 mL) and water (60 mL) under
ultrasonication, followed by addition of concentrated ammonium hydroxide (3.0
mL). Under vigorous stirring, 2.4 g of tetraethoxysilane (TEOS, Aldrich) was added
dropwise into the dispersion and the reaction was kept at room temperature under
stirring for 12 h. The SiO2-coated SiNPs were collected by centrifugation, and
washed for three times by water. Si@SiO2/polyacrylonitrile (SiO2@Si/PAN)
nanofibers were first electrospun on a piece of aluminium foil from a precursor
solution that contained SiO2@Si (0.4 g), PAN (average Mw = 150,000, 1.0 g), and N,
N-dimethylformamide (DMF, 10 mL). The voltage of 17 kV was applied over a
collector distance of 10 cm and the flow rate was fixed at 1 mL h−1. A film of
SiO2@Si/PAN nanofiber web was then peeled off from the collector after
electrospinning. The flexible binder-free film made of bamboo-rattle type Si/C
nanofibers was finally obtained after calcining at 600 °C for 2 h in 5% Ar/H2 and
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then etching the SiO2 in 10 wt % HF aqueous solution at room temperature for 30
min. The as-obtained sample was denoted as Si/C-1.
For comparison, different Si/C composites with different Si contents were fabricated
under the same conditions as described above except that 0.5, 0.6 or 0.7 g SiO2@Si
was added and the samples were denoted as Si/C-2, Si/C-3 and Si/C-4, respectively.
In addition, pure PAN without SiO2@Si was also prepared. After the electrospinning
of the PAN solution, it was subjected to a calcination process at 600 °C for 2 h in
Ar/H2 (95/5 by volume) atmosphere to obtain the final pure carbon, identified as
carbon nanofibers (CNFs).

6.2.2. Characterizations
The morphology and microstructure of the products were characterized by scanning
electron microscopy (SEM, FEI, Sirion 200). Transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) images were obtained with a Tecnai G2
F30 (FEI, Holland). Thermogravimetric (TG) analysis was carried out with a
PerkinElmer Diamond TG/DTA apparatus. X-ray diffraction (XRD) studies were
carried out using a X'Pert PRO (PANalytical B.V., Epsilon 5, Holland)
diffractometer with high intensity Cu Kα1 irradiation (λ = 1.5406 Å). The inoperando XRD measurements were conducted by combining an electrochemical
workstation (CHI 760D) and two-dimensional (2D) XRD (Bruker D8 DISCOVER).
Raman spectroscopy was conducted on a LabRAM HR Evolution system employing
a 10 mW helium/neon laser at 514.5 nm. In-operando Raman testing was conducted
on a LabRAM HR Evolution system equipped with deep-depleted thermoelectrically
cooled charge-coupled device (CCD) array detector and an Ar laser (wavelength =
514.5 nm). Raman spectra of the samples were captured one by one via a mapping
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mode (one spectrum per 250 seconds) while cyclic voltammetry was conducted in an
in-operando Raman cell at a sweep rate of 0.4 mV s−1. Atomic force microscopy
(AFM) in a tapping mode was employed for the three-point bending tests on Si/C
nanofibers.

6.2.3. Electrochemical Measurements
Electrochemical testing was conducted on coin-type half cells assembled in an argonfilled glove box. A sodium foil was employed as both the reference and counter
electrodes, and the self-supported Si/C film (5-10 mg) as the working electrode. 1
mol L−1 NaClO4 in a mixture of ethylene carbonate (EC) and polypropylene
carbonate (PC) (1:1 by volume) with 5 vol% addition of fluoroethylene carbonate
(FEC) was used as the electrolyte, and the Whatman glassfiber was used for the
separator. Electrochemical cycling of electrodes was conducted at 50−5000 mA g−1
for galvanostatic measurements during the 0.01 to 3.0 V (vs. Na/Na+) potential
window.

Cyclic

voltammetry

was

performed

using

a

Biologic

VMP-3

electrochemical workstation between 0.01 and 3.0 V at scan rates of 0.1−20 mV s−1.
The capacities were calculated based on the total mass of Si and CNFs.

6.3. Results and Discussion
Figure 6.1a shows the experimental and simulated XRD patterns of nanosized c-Si
with Rietveld refinement. All the peaks are strongly correlated to c-Si, and no other
peaks can be found.[12] The refinement with a space group of cubic Fd-3m (227)
gives the lattice parameters of a = b = c = 5.4271(1) Å and V = 159.85(0) Å3 with
reasonably low R-factors (6.35%) and x2 (0.9358) value using the GSAS suite.[29 ]
Figure 6.1b shows the schematics of the cubic structure of nanosized c-Si. Figure
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6.1c presents the scanning electron microscopy (SEM) image of the slightly
agglomerated nanosized c-Si NPs with a diemeter of 80−100 nm. Figure 6.1d reveals
the SEM picture of microsized c-Si with an irregular morphology in the size range of
about 2−5 μm. Figure 6.1e illustrates the high-resolution transmission electron
microscopy (HRTEM) image and its corresponding fast Fourier transformation (FFT)
pattern of an individual nanosized c-Si particle, which shows the resolved Si lattice
planes with a plane distance of about 0.16 nm, consistent with the Si crystal‘s (400)
planes.[13]

Figure 6.1. Morphology and structure of c-Si-based electrodes. (a) XRD patterns
of nanosized c-Si with Rietveld refinement, (b) Schematics of the diamond cubic
structure of nanosized c-Si, (c) SEM image of nanosized c-Si, (d) SEM image of
microsized c-Si, and (e) the corresponding FFT pattern of HRTEM image of
nanosized c-Si.
Figure 6.2a shows the 1st, 2nd, 50th, 100th and 200th charge and discharge curves of
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pure nanosized c-Si at a current density of 50 mA g−1. The discharge and charge
capacities in the first cycle are 869.6 and 170.8 mAh g−1 (corresponding to Na0.91Si),
and there is considerable capacity decrease in the next cycles. Although the pure
nanosized c-Si exhibits poor cycling stability, it is obvious that reversible Na+
insertion/extraction reactions happen in the pure nanosized c-Si electrode based on
these discharge–charge profiles and the inset cyclic voltammetry (CV) data. During
the first discharge, a sloping voltage plateau at 0.75 V can be found. However, the
plateau becomes less and less obvious in the following cycles. This can be further
confirmed by the reduction peaks at about 0.75 V (which follow the same changes in
intensity as the platforms at 0.75 V in Figure 2a) in the CV profiles (inset of Figure
6.2a), indicating the continual reformation of the SEI layers as a result of the
repeated pulverization of nanosized c-Si.[16] Another voltage plateau below 0.5 V in
the discharge profile is consistent with the reduction peak at 0.2 V in the CV plot,
which is related to the Na ion uptake and alloying process with c-Si.[1] In addition,
the intensity of these reductive peaks around 0.2 V decrease gradually upon cycling,
indicating the weaker and weaker active reactions between active c-Si and Na ions in
the electrode. This can be explained by the reduced amount of active c-Si, arising
from continuous pulverization and volume expansion of nanosized c-Si during
discharge/charge cycles.[16] Compared with the initial discharge profile with obvious
long plateaus around 0.5 V, however, no flat plateaus can be found in the following
discharge cycles. Therefore, different reaction mechanisms may occur during the Na+
insertion in the initial and subsequent discharge processes, respectively. The
galvanostatic discharge/charge profiles and the CV curves suggest that the initial Na+
insertion process is more like the typical alloying reaction behaviour, while the
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following ones tend to show the capacitive behaviour (Figure 6.3).[28] Moreover, the
platforms below 0.75 V in the charge profiles correspond to the broad oxidative
peaks between 0.01−0.75 V in the CV curves (inset of Figure 6.2a). Evidently, these
curves could not be well overlaped, indicating the poor structural and cycling
stability of nanosized c-Si for sodium storage.

Figure 5.2. Electrochemical performance of the nanosized c-Si and microsized cSi electrodes. (a) Charge-discharge profiles for selected cycles at 500 mA g-1 (inset:
the first three CV curves for the nanosized c-Si electrode), and (b) in-operando XRD
data for microsized c-Si.
Based on CV results, kinetic analyses have been carried out to further understand the
electrochemistry of the nanosized c-Si/Na cell. Figure 6.3a shows the CV profiles
with broad peaks at different scan rates from 0.1−20 mV s–1 during both charge and
discharge processes. Based on the relationship between current (i) and the scan rate
(v)[29]:
i = avb
the b-value is obtained from the slope of the log(v)–log(i) plots. Particularly, the bvalue of 0.5 demonstrates an 100% diffusion-controlled process, while 1.0 indicates
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a capacitive behavior. Figure 6.3b shows the log(v)–log(i) result for the nanosized cSi electrode. The b-value is 0.79 for the oxidation peaks at scan rates between 0.2−20
mV s–1, indicative of the kinetics of capacitance-dominated performance. The total
capacitive contribution can be quantified by distinguishing the different contribution
from the diffusion or capacitance-controlled charge at a certain voltage under a fixed
scan rate. Figure 6.3c shows that the diffusion-controlled charge mostly took place
around the peak voltage, suggesting that the diffusion-controlled process is available
in this area and consistent with an alloying interaction behavior between Si and Na
ions.[30] Depend on the quantification, 68 % of the total charge is capacitive at a scan
rate of 10 mV s–1. Contribution ratios between these two different processes at other
different scan rates were also tested. The capacitive capacity grows progressively
with rising the scan rate, and reaches a maximum value of 68 % at 10 mV s–1 finally
(Figure 6.3d).
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Figure 6.3. CV and Kinetics analysis of the electrochemical behavior towards
Na+ for the nanosized c-Si electrode. (a) CV curves of nanosized c-Si-based SIB at
various scan rates, from 0.1 to 20 mV s−1, (b) determination of the b-value during the
discharge processes using the relationship between peak current and scan rate, (c)
separation of the capacitive and diffusion currents in nanosized c-Si at a scan rate of
10 mV s−1, and (d) contribution ratio of the capacitive and diffusion-controlled
charge versus scan rate.
The Na+ storage capability of the microsized c-Si anode was also explored by inoperando XRD patterns (Figure 6.2b). There is no change in the intensity of the Si
peak around 29.7o. This suggests that no structural conversions or reversible
reactions could proceed in the microsized c-Si electrode, and the capacity of the
microsized c-Si electrode is negligible (see Figure 6.4). Therefore, the
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electrochemical behavior of the c-Si strongly depends on the particle size. In another
word, the surface area of the c-Si plays a very important role in its final
electrochemical performance. The BET surface area of microsized c-Si and
nanosized c-Si is around 12 and 36 m2 g-1, respectively. The surface area of
nanosized c-Si is three times higher than that of the microsized c-Si. Therefore,
compared with the microsized c-Si, reversible reactions with Na+ ions are more
available and accessible in the nanosized c-Si.

Figure 4. The discharge capacity of microsized c-Si at a current density of 50 mA
g−1.
For better insight into the crystal structure change and the electrochemical activity of
the nanosized c-Si during sodiation/extraction processes, in-operando Raman
analyses during the electrochemical reactions were conducted. Figure 6.5a shows the
in-operando Raman spectra for the pure nanosized c-Si electrode during the first CV
cycle. The acquisition time for each Raman spectrum is 500 s, and each Raman
spectrum is consequently acquired within 0.2 V. The potential output of the original
half SIB is 1.8 V, and the total measurement time for the first CV cycle is 12,000 s.
The peak located at about 520 cm−1 is attributed to c-Si, while the peaks at about
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1350 cm−1 (D-band) and 1600 cm−1 (G-band) are ascribed to carbon.[11] No other
sharp peaks could be found from the charged/discharged electrode. The intensity of
the Si peak in the Raman spectrum is directly related to its crystal structure, and a
larger peak area corresponds to relatively higher crystallinity and vice versa.
Therefore, the structural changes (e.g., structural disorder) due to charge/discharge
energy storage will inevitably leads experimentally to the evolution of band
intensities. Therefore, revealing the crystal structural information on c-Si through inoperando Raman testing is ideally suitable to obtain a clear relationship between the
structural features and Na+ insertion/extraction. The intensity changes in the Si peaks
are summarized in Figure 6.5b. It is revealed that the relative intensity of the Si peaks
first decreased significantly after the initial discharge process (0−4500 s),
corresponding to the reduction peaks at 0.75 V (from 0.5 V to 1.5 V) and 0.2 V (from
0.01V to 0.5 V) in the CV profile. Then the decrease slowed down in the following
charge process (4,500−12,000 s), and the peak intensities remained stable for the rest
of the cycling test (12,000−30,000 s). Because the reduction peak at 0.5−1.5 V
disappeared during the second cycle, the first intensity decrease in the range of
0−3250 s should be related to the formation of SEI film during the first discharge
process. The intensity then decreased from 3250−4500 s. This corresponds to another
reduction peak from 0.01 V to 0.5 V, demonstrating the Na+ uptake and the alloying
process with c-Si. After the first discharge process, the intensity of the Si peak
remained almost stable, which means that the intensity decrease from Na+ insertion
was irreversible. Therefore, we believe that the crystallinity of c-Si experienced a
considerable irreversible decrease during the first cycling test, resulting in more of
the disordered a-Si structure in the c-Si (which can be testified by the HRTEM
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images and their corresponding FFT patterns in Figure 6.6). HRTEM images indicate
the crystalline nature of original c-Si nanoparticles (Figure 6.6a) and an increasing
content of the amorphous structure in the subsequent cycle (Figure 6.6b and 6.6c),
which agrees well with the Raman results. Furthermore, the crystal structural
conversion of the c-Si electrode was explored in detail by ex-operando Raman
spectra. Figure 6.5c shows the Raman profiles of the original c-Si and the c-Si after
one electrochemical cycle. It can be found that the intensity of the Si peak decreased
directly from 6800 a.u. to 1000 a.u. after the first cycle. In addition, a certain amount
of a-Si could be observed after one cycle (inset of Figure 6.5c). The ratio of the peak
areas between a-Si and c-Si is about 3:1, which means that more than 75 % of the cSi was converted to a-Si after the first sodiation process.
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Figure 6.5. In-operando Raman analysis of the electrochemical behavior
towards Na+ for the nanosized c-Si electrode. (a) in-operando Raman results along
with the first cycle CV profile of nanosized c-Si, (b) intensity changes verses time,
and (c) ex-operando Raman spectra of nanosized c-Si before and after the first cycle
(inset: enlargement of the indicated region between 450 and 550 cm-1)

Figure 6.6. Morphology and structure characterization of the nanosized c-Si
electrode under different electrochemical states. The corresponding FFT patterns
of HRTEM images of nanosized c-Si before (a), after 1 cycle (b), and after 10 cycle
test (c).
Therefore, an irreversible crystal structure transformation from c-Si to a-Si takes
place during the first sodiation process and this newly generated a-Si is beneficial for
the reversible Na+ insertion reaction due to its more disordered crystal structure.
Unfortunately, because a-Si has a larger lattice spacing than that of c-Si, the volume
of the original c-Si will inevitably increase during this sodiation process. The
structural integrity will also be destroyed, leading to a degradation of the original
structure and the decrease of the effective conductive contact between the electrode
skeleton and the active materials (similar to the c-Si‘-behavior in LIBs). As a result,
the pure nanosized c-Si electrode shows poor structural and cycling stability.
The diagrams in Figure 6.7 schematically illustrate the process for the c-Si planes
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collapse. The whole process includes four phases along with an growing degree of
sodiation. In stage one, Na ions diffuse along the ion channels and accumulate at
tetrahedral sites between (111) planes because this position is the most stable site for
Li- or Na-ion insertion (highlighted as greenish regions in Figure 6.7a).[30-34] In stage
two, along with the concentration of Na+ grows, the bonds of Si-Si are broken, and
Na atoms make new bonds with Si atoms in stable positions (Figure 6.7b). In stage
three, further sodiation leads to the break of majority of the Si-Si bonds, and crystal
Si transformed into an amorphous Na-Si alloy (Figure 6.7c). In stage four, after the
desodiation process, the amorphous structure is maintained, leading to the a-Si
structure (Figure 6.7d).

Figure 6.7. Schematic illustrations explaining the changes in the nanosized c-Si.
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(a) original c-Si, (b) Si-Si bonds are broken and replaced by two Na-Si bonds in
stable positions, (c) the propagation of Si-Si bond breaking and sliding of Na atoms
induce collapse of the planes, leading to an amorphous Na-Si alloy, and (d) a-Si is
obtained even after the desodiation process. (Red and yellow balls represent the
interfacial Na and Si atoms, respectively)
To enhance the architectural stability and the conductivity of c-Si (Figure 6.8), we
design a unique nanoarchitectured Si/C composite. It is demonstrated that only
limited sodiation can proceed in the microsized c-Si, due to the limited active
positions. In contrast, the sodiation process could be more easily realized in the
nanosized c-Si. However, the nanosized c-Si experiences large volume expansion
after the first sodiation, resulting in structural pulverization. Therefore, a yolk-shell
structure inside the 1-D structure of the Si/C composite is reasonable for improving
the structural stability and also the conductivity. Yolk-shell structured Si/C
nanobeads distributed within the 1 D carbon nanofibers lead to a bamboo-rattle like
Si/C composite. Even after the sodiation process, the cracked c-Si particles can still
be well maintained inside the hollow carbon spheres, avoiding the direct exposure of
the electrodes in the electrolyte.
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Figure 6.8. The comparison among microsized c-Si, nanosized c-Si and the structure
optimized Si/C composite during the first sodiation/desodiation process.
Figure 6.9 illustrates the synthesis procedure for the Si/C composite. c-Si NPs are
first coated with silica to obtain the SiO2/Si composite, and then the SiO2/Si
composite is mixed with polyacrylonitrile (PAN) via an electrospinning process to
prepare the SiO2/Si/PAN nanofibers. After the carbonization and HF treatment, the
flexible Si/C film composed of Si/C nanofibers is obtained. A single Si/C nanofiber
is also shown in the center of Figure 3 along with its enlarged cross section from one
end. Yolk-shell structured CVS is embedded inside the bamboo-like Si/C nanofiber,
leading to a bamboo-rattle structured Si/C composite. Figure 6.10 shows the SEM
image for the SiO2@Si particles. The coating layers of silica were successfully
created on each Si NP. Comparing with the pure nanosized c-Si in Figure 1c, the
diameters of Si NPs obviously increase from around 80−120 nm to 100−160 nm due
to the silica coating on the outer surface. Therefore, the thickness of the silica
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sacrificial layer is in the range of 10−20 nm.

Figure 6.9. Schematic representation of the Si/C composite design.

Figure 6.10. SEM image of SiO2@Si
Figure 6.11 reveals the SEM images of the final Si/C composites. The nanofibers
from all the samples are well interconnected, leading to a connected three
dimensional (3D) network. The average diameter of the nanofibers was around
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300−500 nm. A series of bead-like expansions can be found along the bamboostructured nanofibers. In addition, with increasing the c-Si content, the surface of the
carbon nanofibers becomes much rougher, and the size of the interior bead-like
expansions is also increased. This phenomenon becomes quite obvious when the
SiO2@Si content is increased to 0.7 g, which is mainly due to the poor dispersion of
SiO2@Si particles in the solvent for the electrospinning process. The typical TEM
results of the final Si/C composites are also shown in Figure 11. With increasing the
content of the active materials, more CVS nanobeads can be found inside the
nanofibers, leading to much more irregular morphologies. Although the contents of
SiO2@Si (0.4 g, 0.5 g to 0.6 g) are different, the sizes of the CVS are nearly the same.
The diameter of a whole CVS nanofiber is typically around 150−160 nm. The SEM
pictures of c-Si and SiO2@Si display that all the nanoparticles have slight
agglomeration. Nevertheless, the TEM images clearly show that Si NPs are separate
from each other with a void space between them. It is believed that the uniform
coating of silica and the following treatment by HF can improve the CVS distribution
inside the nanofibers. TEM observations indicate that the silica coatings could be
completely removed after HF treatment, suggesting that the HF solution could go
through the CNF wall. As a result, it is reasonable that few amount of the electrolyte
could also penetrate the CNF wall during the cycling of our tested cells. Owing to the
formation of SEI layers on the outer surface of CNFs during initial cycles, however,
it is believed that the electrolyte could be effectively limited to go through the CNF
wall in the subsequent cycles.
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Figure 6.11. Morphology and bamboo-rattle-like architecture of the Si/C composites.
SEM (above) and TEM (below) images of the synthesized Si/C samples with
different SiO2@Si contents: Si/C-1 (a and e), Si/C-2 (b and f), Si/C-3 (c and g), and
Si/C-4 (d and h).
The mechanical properties (mechanical intensity and flexibility) of the final products
play important roles in the practical application of flexible electrodes. Since an
atomic force microscopy (AFM) system can be satisfied to accurately employ nanoand pico-Newton ranged forces to detect the nanoscale ranged deformation, it is an
extremely helpful instrument for the investigating the mechanical properties of
nanosized materials. The working principle of this tool is depended on the interaction
between the sample and AFM tip upon contact or near contact, in the so-called threepoint bend measurement. Therefore, it is ideally available for revealing the flexibility
of the nanosized Si/C fibers. Figure 6.12a shows a model of this three-point bend test
system. One single Si/C nanofiber with the AFM tip pressed upon it is suspended
over a void between two nanofibers. Figure 6.12b shows the relationship between the
deformation distance and the voltage. The pressure force imposed on the nanofiber
has a relationship with the voltage. The higher the voltage, the bigger was the
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pressure on the sample. Therefore, based on the ratio between the distance (D) and
the voltage (V) (dD/dV), the flexibility differences between the different samples
could be obtained. The dD/dV of the straight line section in the profiles of Si/C-1,
Si/C-2, Si/C-3, and Si/C-4 is around 283, 270, 250, and 180 nm V−1, respectively. In
order to guarantee the reliability and repeatability of the results for each sample, nine
different positions in each sample were also investigated. It is found that all these
data were distributed in a narrow range. Si/C-1 shows the best flexibility, while Si/C4 has the worst. However, no big difference in the flexibility can be found among the
Si/C-1, Si/C-2 and Si/C-3 samples. If we take the contents of the active materials (cSi) in the Si/C composites into consideration, the Si/C-3 is endowed with a high
active material content along with good flexibility. Therefore, Si/C-3 would have a
higher specific capacity and also the possibility for the binder-free flexible cell
fabrication. Si/C-3 membrane recovers its initial state easily after folding and
manipulation, indicating its excellent mechanical durability (Figure 6.12c). Si/C-3 as
the preferred sample was chosen for the following electrochemical tests.
Figure 6.12d illustrates the XRD results of Si/C-3 and CNFs. Three distinct
diffraction peaks at 2θ values of 28.3 °, 47.0 °, and 55.8 ° can be ascribed to the Si
phase‘s (111), (220) and (311) plans, respectively. Apart from them, another peak at
around 25.0 o can be associated with the carbon‘s (002) planes. The intensity of (002)
peak is very weak, which means that this carbon material has a low graphitization
degree. Figure S8e shows the Thermogravimetric (TG) curve of the Si/C-3 sample in
air. The weight loss caused by carbon combustion is started from 450 oC and ended
at about 670 oC. The residual mass of Si/C-3 at 670 oC is around 20 wt%, suggesting
the relevant amount of c-Si. In addition, a slight weight increase can be found after
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670 oC, which is mainly assigned to the oxidation of c-Si at high temperature in air.

Figure 6.12. The model of the three-point bend test under AFM system (a),
relationship between distance and voltage for the different samples (b), pictures of
different states of a piece of Si/C-3 nanofiber web under fold and release process (c),
the XRD profiles of the Si/C-3 sample and the pure CNFs (d), and TG curve of Si/C3 under air (e).
Figure 6.13a shows the initial/second discharge and charge profiles of Si/C-3 at a
current density of 50 mA g−1. The discharge and charge capacities in the first cycle
are 813.7 and 438.0 mAh g−1, leading to an initial Coulombic efficiency of 53.8 %.
During the first discharge, the sloping voltage plateaus which disappear in the second
cycle between 1.0 and 0.4 V illustrate the formation of the stable SEI film on the
outer surface of the electrode, corresponding to the reduction CV peak at around 0.5
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V in Figure 6.13b. A flat voltage plateau below 0.4 V is consistent with the reduction
peak at about 0.2 V, indicating the insertion of sodium ions in c-Si. Furthermore, the
voltage plateaus around 0.5 V during the charge processes in the charge-discharge
profiles and also the corresponding oxidation peaks below 0.5 V in the CV curves are
related to the extraction of Na+ from Si. Compared with the pure c-Si electrode, a
new pair of redox peaks in the range of 0.5−2.0 V can be found in the CV profiles of
Si/C, indicating the extraction of Na+ from CNFs.
The cycling performance in Figure 6.13c reveals that the charge capacity of Si/C-3
from 0.01 to 3 V at 50 mA g−1 is 438.2 mAh g−1 at the first cycle and 454.5 mAh g−1
after 200 cycles, indicating that Si/C-3 has an excellent cyclability. In addition, the
charge capacity of pure carbon nanofibers derived from pure PAN is 154.7 mAh g−1
at the first cycle and 156.9 mAh g−1 after 200 cycles. Compared with CNFs, the
higher capacity 290 mAh g−1 of Si/C-3 is derived from the introduction of c-Si.
Figure 6.13d shows the rate performance of Si/C-3 at different current densities. The
charge capacity of Si/C-3 at 50 mA g−1 after the first 20 cycles is 408.5 mAh g−1, and
the capacity retention at 100, 500, 1000, 2000 and 5000 mA g−1 after 20 cycles is
94.5, 89.1, 81.6, 75.4 and 65.9%, respectively. Furthermore, the long-term cycling
performance of Si/C-3 at a higher current density of 5000 mA g−1 is shown in Figure
5e. TG results indicate that there are 20 wt% of silicon inside the Si/C-3 sample. In
addition, based on the theoretical capacity of Si (about 960 mAh g−1) and hard
carbon (around 300 mAh g−1) as anoded in SIBs, the 1 C rate for Si/C-3 should be
432 mA g-1. The discharge capacity of Si/C-3 is maintained at about 75% even after
2000 cycles at a very high current density (over 10 C, 1C = 432 mA g−1). Therefore,
the as-prepared Si/C-3 is endowed with the excellent cyclability and rate
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performance. In order to systematically understand the whole profiles about the alloy
anodes for sodium storage, we provide a summary in Table 6.1 to compare our Sibased alloy electrode with other alloy materials. The TEM image of Si/C-3 upon
continuous cycling is shown in Figure 6.14. We can see that a structural
pulverization of c-Si happens inside Si/C-3 after cycling test. c-Si nanoparticles are
broken into smaller particles in an amorphous state. Fortunately, all of these smallersized particles are well maintained inside the porous CNFs, which is exactly ascribed
to our novel structural design. The bamboo-rattle structured Si/C created here shows
excellent electrochemical properties with good cycling stability and ultra-fast Na+storage capability. This is mainly because of its unique architecture: (1) the
introduction of the interconnected 1D carbon nanofiber network can effectively
strengthen the mechanical properties, improve the electrical conductivity, and
prevent electrolyte ingress; and (2) the yolk-shell structure developed inside can not
only provide additional storage sites for Na+ and promote Na+ transfer and electrolyte
diffusion, but also provide better absorption of the huge volume changes of c-Si
during cycling, prevent the aggregation of Si NPs, and allow for the growth of a
stable SEI film.
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Figure 6.13. Electrochemical performance of the samples. (a) initial and second
cycle charge-discharge profiles of Si/C-3 at a current density of 50 mA g−1, (b) the
first three CV curves of Si/C-3 at a scan rate of 0.1 mV s−1, (c) the cycling
performance of Si/C-3 and pure CNFs at a current rate of 50 mA g−1, (d) the rate
performance of Si/C-3 at different current densities, and (e) long-term cycling test at
a current density of 5000 mA g−1 (over 10 C)
Table 6.1. Comparison of the presented alloy anode materials in SIBs.
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Category

Name

Reversible capacity (mAh g-1)

Pure Sb

660[1]

Amorphous AlSb

~ 400[2]

Amorphous Mo3Sb7

~ 400[3]

Sb/C

640[4]

Pure Sn

847[5]

Sn/Ni

730[6]

Sn0.9Cu0.1

420[7]

SnSb

500[8]

Pure amorphous Ge

400[9]

Ge thin films

< 369[10]

Pure In

467[11]

In thin film

< 100[11]

Pure c-Si

960[12-13]

Si/C

450

Sb-based anodes

Sn-based anodes

Ge-based anodes

In-based anodes

Si-based anodes

[1]

A. Darwiche, C. Marino, M. T. Sougrati, B. Fraisse, L. Stievano and L.

Monconduit,
J. Am. Chem. Soc. 2012, 134, 20805–20811.
[2]

L. Baggetto, M. Marszewski, J. Gorka, M. Jaroniec and G. M. Veith, J. Power
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Sources. 2013, 243, 699–705.
[3]

L. Baggetto, E. Allcorn, R. R. Unocic, A. Manthiram and G. M. Veith, J.

Mater. Chem. A 2013, 1, 11163–1169.
[4]

J. Qian, Y. Chen, L. Wu, Y. Cao, X. Ai and H. Yang, Chem. Commun. 2012,

48, 7070–7072.
[5]

L. D. Ellis, T. D. Hatchard and M. N. Obrovac, J. Electrochem. Soc. 2012, 159,

A1801–A1805.
[6]

Y. Liu, Y. Xu, Y. Zhu, J. N. Culver, C. A. Lundgren, K. Xu and C. Wang, ACS

Nano 2013, 7, 3627–3634.
[7]

Y.-M. Lin, P. R. Abel, A. Gupta, J. B. Goodenough, A. Heller and C. B.

Mullins, ACS Appl. Mater. Interfaces 2013, 5, 8273–8277.
[8]

L. Xiao, Y. Cao, J. Xiao, W. Wang, L. Kovarik, Z. Nie and J. Liu, Chem.

Commun. 2012, 48, 3321–3323.
[9]

P. R. Abel, Y. Lin, T. de Souza, C. Chou, A. Gupta, J. B. Goodenough, G. S.

Hwang, A. Heller and C. B. Mullins, J. Phys. Chem. C 2013, 117, 18885–18890.
[10]

L. Baggetto, J. K. Keum, J. F. Browning and G. M. Veith, Electrochem.

Commun. 2013, 34, 41–44.
[11]

S. A. Webb, L. Baggetto, C. A. Bridges and G. M. Veith, J. Power Sources

2014, 248, 1105 –1117.
[12]

H. Moritoa, T. Yamada, T. Ikedab and H. Yamane, J. Alloys Compd. 2009,

480, 723-726.
[13]

T. Kume1, Y. Iwai, T. Sugiyama, F. Ohashi, T. Ban, S. Sasaki and S.
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Nonomura, Phys. Status Solidi C 2013, 10, 1739-1741.

Figure 14. The TEM images of Si/C-3 after cycling test.

6.4. Conclusions
In summary, we report the sodiation/desodiation mechanism of nanocrystalline
silicon during the Na+ insertion/extraction processes. It is found that an irreversible
crystal structure conversion from crystalline silicon to amorphous silicon takes place
during the first discharge process, leading to reversible Na+ insertion in the newly
generated amorphous silicon. Furthermore, in order to overcome the poor
conductivity and inferior structural stability of a-Si, an attractive well-defined
bamboo-rattle-like architecture is designed. The rationally designed, interconnected,
3D carbon framework, which is made of yolk-shell carbon/silicon nanobeads
embedded in 1D carbon nanofibers, endows this silicon-based SIB electrode with
excellent electrochemical Na-storage performances. In addition, this 3D carbon
framework is flexible and also has good mechanical strength, which can serve
directly as binder-free anodes for SIBs. Therefore, we believe that nanocrystalline
silicon is a very promising anode material in sodium ion batteries, taking advantages
of a designed structure.

128

Chapter 6: In-operando mechanism analysis on nanocrystalline silicon anode
material for reversible and ultra-fast sodium storage

6.5. References
[1]

Y. Xu, E. Swaans, S. Basak, H. W. Zandbergen, D. M. Borsa and F. M.

Mulder, Adv. Energy Mater. 2015, 12, 1501436.
[2]

Y. C. Liu, N. Zhang, L. F. Jiao and J. Chen, Adv. Mater. 2015, 27, 6702-6707.

[3]

Y. Park, D. S. Shin, S. H. Woo, N. S. Choi, K. H. Shin, S. M. Oh, K. T. Lee

and S. Y. Hong, Adv. Mater. 2012, 24, 3562-3567.
[4]

D. A. Stevens and J. R. Dahn, J. Electrochem. Soc. 2000, 147, 1271.

[5]

D. A. Stevens and J. R. Dahn, J. Electrochem. Soc. 2001, 148, A803.

[6]

S. Wenzel, T. Hara, J. Janek and P. Adelhelm, Energy Environ. Sci. 2011, 4,

3342.
[7]

Y. Xu, Y. Zhu, Y. Liu and C. Wang, Adv. Energy Mater. 2013, 3, 128–133.

[8]

Z. Liu, X. Yu, X. Lou and U. Paik, Energy Environ. Sci. 2016, 9, 2314-2318.

[9]

L. Zhang, X. Liu, Q. Zhao, S. Dou, H. Liu, Y. Huang and X. Hu, Energy Stor.

Mater. 2016, 4, 92-102.
[10]

L. Zhang, H. Guo, R. Ranjusha, X. Hu, Y. Huang, S. Dou and H. Liu, J.

Mater. Chem. A 2016, 4, 4056-4061.
[11]

L. Zhang, R. Rajagopalan, H. P. Guo, X. L. Hu, S. X. Dou and H. K. Liu, Adv.

Funct. Mater. 2016, 26, 440-446.
[12]

L. Zhang, M. J. Zhang, Y. H. Wang, Z. L. Zhang, G. W. Kan, C. G. Wang, Z.

Y. Zhong and F. B. Su, J. Mater. Chem. A 2014, 2, 10161-10168.
[13]

L. Zhang, Y. H. Wang, G. W. Kan, Z. L. Zhang, C. G. Wang, Z. Y. Zhong

and F. B. Su, Rsc Adv. 2014, 4, 43114-43120.
[14]

H. Moritoa, T. Yamada, T. Ikedab and H. Yamane, J. Alloys Compd. 2009,

480, 723-726.

129

Chapter 6: In-operando mechanism analysis on nanocrystalline silicon anode
material for reversible and ultra-fast sodium storage
[15]

T. Kume1, Y. Iwai, T. Sugiyama, F. Ohashi, T. Ban, S. Sasaki and S.

Nonomura, Phys. Status Solidi C 2013, 10, 1739-1741.
[16]

N. Liu, H. Wu, M. T. McDowell, Y. Yao, C. Wang and Y. Cui, Nano Lett.

2012, 12, 3315-3321.
[17]

L. G. Xue, K. Fu, Y. Li, G. J. Xu, Y. Lu, S. Zhang, O. Toprakci and X. W.

Zhang, Nano Energy 2013, 2, 361-367.
[18]

Y. Li, G. J. Xu, Y. F. Yao, L. G. Xue, S. Zhang, Y. Lu, O. Toprakci and X.

W. Zhang, J Solid State Electr. 2013, 17, 1393-1399.
[19]

J. Q. Wang, Y. Yu, L. Gu, C. L. Wang, K. Tang and J. Maier, Nanoscale

2013, 5, 2647-2650.
[20]

L. W. Ji and X. W. Zhang, Energy Environ. Sci. 2010, 3, 124-129.

[21]

L. W. Ji, K. H. Jung, A. J. Medford and X. W. Zhang, J. Mater. Chem. 2009,

19, 4992-4997.
[22]

T. H. Hwang, Y. M. Lee, B. S. Kong, J. S. Seo and J. W. Choi, Nano Lett.,

2012, 12, 802-807.
[23]

L. W. Ji and X. W. Zhang, Carbon 2009, 47, 3219-3226.

[24]

Z. X. Dong, S. J. Kennedy and Y. Q. Wu, J. Power Sources 2011, 196, 4886-

4904.
[25]

Y. P. Liu, K. Huang, Y. Fan, Q. Zhang, F. Sun, T. Gao, Z. Z. Wang and J. X.

Zhong, Electrochim. Acta 2013, 102, 246-251.
[26]

S. Cavaliere, S. Subianto, I. Savych, D. J. Jones and J. Roziere, Energy

Environ. Sci. 2011, 4, 4761-4785.
[27]

N. Liu, Z. Lu, J. Zhao, M. T. McDowell, H. W. Lee, W. Zhao and Y. Cui,

Nat. Nanotechnol. 2014, 9, 187-192.

130

Chapter 6: In-operando mechanism analysis on nanocrystalline silicon anode
material for reversible and ultra-fast sodium storage
[28]

H. Wu, M. R. Hartman, T. J. Udovic, J. J. Rush, W. Zhou, R. C. Bowman, Jr.

and J. J. Vajo, Acta Crystallogr. B 2007, 63, 63-68.
[29]

C. Chen, Y. Wen, X. Hu, X. Ji, M. Yan, L. Mai, P. Hu, B. Shan and Y.

Huang, Nat. Commun. 2015, 6, 6929.
[30]

S. W. Lee, M. T. McDowell, J. W. Choi and Y. Cui, Nano Lett. 2011, 11,

3034-3039.
[31]

Q. Zhang, W. Zhang, W. Wan, Y. Cui and E. Wang, Nano Lett. 2010, 10,

3243-3249.
[32]

W. Wan, Q. Zhang, Y. Cui and E. Wang, J. Phys. Condens. Matter. 2010, 22,

415501.
[33]

Y. Yu, L. Gu, C. Zhu, S. Tsukimoto, P. A. van Aken and J. Maier, Adv.

Mater. 2010, 22, 2247–2250.
[34]

J. Liu, P. Kopold, P. A. van Aken, J. Maier and Y. Yu, Angew. Chem. Int.

Ed. 2015, 54, 9632–9636

131

Chapter 7: General Conclusions and Outlook

132

Chapter 7
7. General Conclusions and Outlook
7.1. General Conclusions
In this doctoral thesis work, the recent developments in the porous structured Si/C
anode materials were summarized, and their applications in energy storage systems
were introduced. Considering the lack of an efficiency method for the preparation of
porous Si/C composites, three different approaches were proposed to successfully
synthesize a variety of different structured porous materials, including porous
granadilla-like, sandwich-like and bamboo-rattle like Si/C composites. These
materials possess suitable void size inside the materials which is necessary for
absorbing the volume expansion from silicon particles, uniform distribution of
silicon nanoparticles, interconnected carbon network, high structural stability and
improved conductivity, which endow these composites with promising potential
applications in energy storage systems.
As an example, silicon granadillas with a homogeneous micronsized carbon
shell on the outer surface are composed of a kind of well-connected carbon network
supported yolk-shell nanobeads containing silicon nanoparticles individually
protected by a thin, self-supporting, and conductive hollow carbon shell, leading to a
unique double-carbon-shell structure. Rationally designed robust 3D carbon
framework, interconnected yolk-shell carbon/silicon nanobeads, and the unique
double-carbon-shell endow these silicon granadillas with excellent electrochemical
performance. As prepared, silicon granadillas having 30 % silicon content delivered
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a reversible capacity around 1100 mAh g-1 at the current density of 250 mA g-1 after
200 cycles. Besides, this composite exhibited excellent rate performance of about
830 and 700 mAh g-1 at the current densities of 1000 and 2000 mA g-1, respectively.
For the sandwich-like Si/C material, silicon nanoparticles are sandwiched between
the nanosized iron-oxide-embedded carbon layers. The rationally designed unique
3D porous carbon network enhances the electrical conductivity and enables this CSi-Fe2O3 composite to buffer the volume changes of silicon and α-Fe2O3 during the
cycling much more effectively. Compared with commercial graphite microspheres
(372 mAh g-1), C-Si-Fe2O3 shows much higher capacity and better rate performance.
Furthermore, we report the sodiation/desodiation mechanism of nanocrystalline
silicon during the Na+ insertion/extraction processes. It is found that an irreversible
crystal structure conversion from crystalline silicon to amorphous silicon takes place
during the first discharge process, leading to reversible Na+ insertion in the newly
generated amorphous silicon. In addition, in order to overcome the poor conductivity
and inferior structural stability of silicon, an attractive well-defined bamboo-rattlelike architecture is designed. The rationally designed, interconnected, three
diamentional carbon framework, which is made of yolk-shell carbon/silicon
nanobeads embedded in one diamentional carbon nanofibers, endows this siliconbased SIB electrode with excellent electrochemical Na-storage performances. In
addition, this 3D carbon framework is flexible and also has good mechanical strength,
which can serve directly as binder-free anodes for SIBs. Therefore, we believe that
nanocrystalline silicon is a very promising anode material in SIBs, taking advantages
of a designed structure.
Clearly, the simplicity and scalability of these fabrication processes will make porous
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Si/C anode materials promising for the practical application in the next generation
energy storage systems.

7.2. Outlook
Among all above mentioned different porous Si/C investigated so far, the preparation
of the sandwich-like C-Si-Fe2O3 composite seems to be most promising, because the
this novel porous structured anode material can be massively produced and costeffectively controlled, and the porous structure inside the material can be easily
created through this process without the extra templating process. As for the
granadilla-like and bamboo-rattle-like porous Si/C composites, although both of
them showed significant improved cycling stability and rate performance, the
preparation processes are complex. Nevertheless, some further investigations are
definitely needed for sandwich-like C-Si-Fe2O3 composite.
There are some considerations in this context. Firstly, a suitable way should be
proposed to adjust the size of the void space inside the material. Through the onestep carbonization process, it is difficult to control the size of the void space.
However, void space is crucial for the electrochemical performance because there is
an about 400 % volume expansion from silicon after the fully lithium insertion
process. As a result, the size of the void space should be under well controlled to
adapt and absorb the volume expansion efficiently. Secondly, a better understanding
about the detailed electrochemical interact between Si and Fe2O3 would be highly
desirable, because there is a capacity increase occurred during the first 50 cycles,
which is different from other silicon-based anodes and very important for the LIBs;
Thirdly, although this route is more promising as compared with other methods, the
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low cost and the availability of mass production are always the final targets for the
commercialization. Therefore, how to further reduce the production cost and simplify
the synthesis technology is still the primary consideration. Fourthly, it is meaningful
and important to develop and extend the application of the porous carbon matrixes
produced in this way and also the other two ways. It can be found that the porous
carbon matrixes created in these three works also have the potential to be used in
other fields, such as photonics, sensors, and energy conversion.
Generally, it is believed that a deep understanding of the formation
mechanisms and electronic structural features of these porous Si/C materials will
undoubtedly boost their commercialization in various applications.
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